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Abstract 
 
Many independent studies have conclusively demonstrated that fiber 
reinforced polymers (FRP) slow down chloride-induced corrosion of steel in 
concrete. The mechanism for this slow down is not well understood but it has 
been hypothesized that FRP serves as a barrier to the ingress of chloride, 
moisture, and oxygen that sustain electrochemical corrosion of steel.  
This dissertation presents results from an experimental study that 
determined the oxygen permeation rates of materials used in infrastructure 
repair. In the study, the oxygen permeation constants for epoxy, carbon and 
glass fiber laminates, concrete, epoxy-concrete and FRP-concrete systems were 
determined and a method developed to use these results for designing the 
corrosion repair of FRP-concrete systems. 
A new diffusion cell was developed that could be used to test both thin 
polymer specimens and much thicker FRP-concrete specimens. Concentration 
gradients were introduced by exposing one face of the specimen to air and the 
other face continuously to 100% oxygen for the duration of the test to achieve 
steady state conditions. Partial pressures on the two surfaces were measured 
using electronic sensors and oxygen permeation constants extracted from the 
xi 
 
data using a quasi-steady state theoretical model based on Fick’s law. Results 
obtained using this system were in agreement with published data for specimens 
such as Teflon and Polyethylene Terephthalate (PET) Mylar whose oxygen 
permeation constant is available in the published literature. 
Following the successful calibration of the system, oxygen permeation 
constants for epoxy, Carbon Fiber Reinforced Polymer (CFRP) and Glass Fiber 
Reinforced Polymer (GFRP) laminates were determined. It was found that the 
oxygen permeation constant for epoxies was an order of magnitude lower than 
that for FRP. Furthermore, two layer FRP laminates were found to be more 
permeable than single layer laminates. This finding had been reported previously 
in the literature but had been considered anomalous. Scanning electron 
micrographs showed that this was due to the wet layup process that inevitably 
trapped air between the multiple FRP layers.  
The oxygen permeability of FRP-concrete systems was evaluated for three 
different water-cementitious ratios of 0.4, 0.45 and 0.50 for both CFRP and GFRP 
materials. Results showed that the performance of CFRP and GFRP were 
comparable and the best results were obtained when FRP was used with 
concrete with the highest water-cementitious ratio. A simple design method is 
proposed to apply the findings from the research. This uses the concept of an 
equivalent FRP thickness derived following Fick’s law.  
The findings from the research can be used to optimize FRP applications 
in corrosion repair. The experimental set up can easily be adapted to measure 
xii 
 
diffusion of carbon dioxide through FRP and other materials. This has potential 
applications in other disciplines, e.g. climate change.  
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Chapter 1 – Introduction 
 
1.1 Background 
Durable repair of damage caused by chloride-induced corrosion is difficult 
to achieve. Best practice requires removal of all chloride-contaminated concrete 
from around the reinforcement, cleaning all exposed steel and introducing 
concrete that has the same electrochemical and mechanical properties as the 
original concrete. This repair protocol is not cost effective; the repair and re-
repair of corrosion damage is a common and costly problem worldwide. 
In recent years, there has been interest in the use of fiber reinforced 
polymers (FRP) for corrosion repair. FRP are high strength fibers embedded in a 
resin matrix. Fibers most commonly used are glass and carbon. Glass fiber 
reinforced polymers (GFRP) typically use vinylester resins while epoxy resins are 
commonly used with carbon fiber reinforced polymers (CFRP).   
FRPs can be unidirectional in which all fibers are in one direction or 
bidirectional in which they are in placed in orthogonal (0o/90o) directions. FRPs 
are available as pre-cured laminates or can be prepared on site using a wet 
layup process. Alternatively, they can be prepregs in which the fibers are 
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saturated with resin in a factory and sent to the site in hermetically sealed 
containers. 
 
1.2 Aim and Motivation 
Originally, FRPs were used for strengthening and rehabilitating structures. 
Since the mid-1990s its application has been extended to repair corrosion 
damage (Tarricone 1995, Restrepol and DeVino 1996, Shiekh et al. 1997, 
Samaan et al. 1998, Sen et al. 1999, Alampalli 2001, Pantazopolou et al. 2001, 
Debaiky et al. 2002, Sen 2003, Wang et al. 2004, Badawi and Soudki 2005, Suh 
et al. 2007 & 2008, Winters et al. 2008). Numerous studies have conclusively 
demonstrated that while FRPs cannot stop corrosion, it can slow down the 
corrosion rate (Baiyasi and Harichandran 2001, Berver et al. 2001, Wootton et al. 
2003, and Wheat et al. 2005). The precise mechanism responsible for this slow 
down is not understood; however, it is commonly believed that FRPs are barrier 
elements. As such,  they slow down the ingress of deleterious elements such as 
oxygen, moisture and chlorides that are responsible for sustaining electro-
chemical corrosion of steel in concrete (Emmons 1993, Christopher and Albert 
2000, Newman 2001). 
 Insight into the barrier characteristics of FRP can be assessed by 
measuring permeation characteristics of deleterious materials through FRP. Since 
oxygen molecules are the smallest, they diffuse the fastest. Therefore, their 
characterization is the most relevant. This dissertation describes an experimental 
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study to determine the oxygen permeation characteristics of FRP and FRP-
concrete systems. Though there have been studies to determine the oxygen 
permeation characteristics of concrete (Lawrence 1984, Gjorv et al. 1986, 
Kobayashi and Shuttoh 1991, Omaha et al. 1991, Hansson 1993, Ngala et al. 
1995, Lu 1997, Buenfeld and Okundi 1998, Abbas et al. 1999, Castellote et al. 
2001, Williamson and Clark 2001, Khan 2003, Shafiq and Cabrera 2006, Tittarelli 
2009, Hussain and Ishida 2010) there was only one study relating to FRP (Colin 
et al. 2005) and none for FRP-concrete systems. This study represents the first 
comprehensive research project directed towards oxygen permeation 
characterization of FRP materials used in infrastructure applications. 
In the study, several commercially available FRP systems were tested and 
a steady state model developed to allow extraction of the relevant diffusion or 
permeation constant. SEM investigations were undertaken to evaluate micro-
structure and interfacial characteristics. The goal was to gain an understanding 
on the mechanism by which the use of FRP led to more durable corrosion repairs 
and also to explain anomalous data reported by researchers (Debaiky et al. 
2002, Wootton et al. 2003, and Suh et al. 2007). 
Several methods are available (ASTM F1307 2002, ASTM D3985 2005, 
Trefry 2001, Chowdhury 2010) for determining the oxygen permeation of 
polymers. However, they are not optimal for evaluating thicker materials typically 
used in infrastructure applications. Therefore there was a need to develop a new 
diffusion cell and an appropriate testing protocol. 
4 
 
The main objectives of the study can be summarized as follows: 
1. Development of diffusion cell and a steady state model for extracting 
permeation constants. 
2. Verification of correctness of the theoretical model. 
3. Determination of the oxygen permeation characteristics of FRP laminates 
prepared using wet layup system. 
4. Determination of the oxygen permeation characteristics of concrete and 
FRP-concrete systems 
5. Application of results in predicting corrosion rate of steel in FRP repaired 
systems. 
 
1.3 Organization  
The objectives listed in the previous section are the subject of several 
publications (Khoe et al. 2009, 2010, 2011a (in press), 2011b (in press) and 
2011c (under review)). These self-standing publications constitute different 
chapters of the dissertation. Inevitably, this approach leads to repetition. 
Supplementary information is provided in seven separate appendices. 
The following is a brief description of the remaining chapters: 
Chapter 2 provides background information on the development of the 
diffusion cell. 
Chapter 3 presents the theoretical model and its calibration through tests 
carried out on polymers and epoxies. It also describes how results can be applied 
5 
 
to predict corrosion rates in repairs. The MATLAB program developed is included 
as Appendix I. 
Chapter 4 presents results on oxygen permeation characteristics of four 
different FRP materials widely used in infrastructure applications. Scanning 
electron micrographs included in this chapter help to explain anomalous findings 
reported in the literature. 
Chapter 5 presents results on the oxygen permeation characteristics of 
concrete and FRP-concrete systems.  
Chapter 6 presents an overview of all the results with a focus on 
application. 
Chapter 7 summarizes the main contributions from the research and 
avenues for future research. 
In addition to the seven chapters, there are seven appendices. These 
cover the following: 
Appendix I presents step-by-step computer MATLAB program calculations 
for extracting the permeation constant using a quasi steady state model. 
Appendix II presents step-by-step volume fiber calculations and 
summarizes the average volume fiber fraction for all the FRP laminates tested. 
Appendix III presents additional scanning electron micrographs (SEM) for 
CFRP specimens. 
Appendix IV presents additional scanning electron micrographs (SEM) for 
GFRP specimens. 
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Appendix V presents scanning electron micrographs (SEM) for concrete 
specimens with three water-cementitious ratios (0.40, 0.45 and 0.50). 
Appendix VI provides sample calculations for using the findings from this 
research to predict metal loss inside a FRP repair. 
Appendix VII provides results from a limited study comparing the oxygen 
permeability of wet and dry concrete.  
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Chapter 2 – Development of Diffusion Cell 
 
2.1 Introduction 
Several methods are available for measuring oxygen diffusion 
characteristics of polymer materials. However, since they were developed for the 
food-packaging industry, they can only be used where the material thickness is 
very small. As such they are unsuitable for measuring the oxygen diffusion 
characteristics of the much thicker systems used in infrastructure applications 
where epoxy or FRP is bonded to concrete elements. 
This chapter traces the development of a new diffusion cell that is geared 
towards oxygen diffusion characterization of polymers that are typically used in 
infrastructure applications.  The new diffusion cell can also be used to evaluate 
the effectiveness of FRP-concrete systems in resisting chloride-induced corrosion. 
 
2.2  Background  
The underlying principle governing diffusion of gases is Fick’s law. This 
states that the rate of transfer of diffusing substances is proportional to the 
concentration gradient measured normal to the section. Thus, test methods rely 
on setting up concentration gradients that will then promote mass transfer. 
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If the gas concentrations can be kept constant on both surfaces of a 
polymer sample, steady-state conditions develop. Steady-state conditions make it 
possible to develop models that can extract the permeation and diffusion 
constant from the data if the solubility constant is known. However, the 
theoretical models developed in this study are outside the scope of this chapter 
(Crank 1968, Crank 1975, Koros et al. 1981, Vasquez-Borucki et al. 2000, Bird et 
al. 2002). This chapter focuses exclusively on the development of a new diffusion 
cell. 
Concentration gradients can be achieved by using vacuum and non-
vacuum based methods. Since non-vacuum-based methods were deemed to be 
less complex, these are used in the study and are therefore reviewed in this 
chapter. 
 
2.3 Existing Test Methods  
 Four non-vacuum based methods are reviewed. These include two ASTM 
methods (ASTM F1307 2002, ASTM D3985 2005) developed for the food 
packaging industry, a CSIRO method developed in Australia (Trefry 2001) and a 
method using gas chromatography developed earlier at USF that was a precursor 
for the present study. 
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2.3.1 ASTM F1307 
This ASTM standard covers procedures for determining the steady state 
rate of transmission of oxygen into packages that enclose a dry environment. 
Typical elements intended for this test include rigid plastic bottles, tubs or 
flexible bags or pouches as shown in Figure 2-1 & 2-2. 
 
Figure 2-1 Typical Method for Attaching Plastic Bottle/ Tub 
 
Figure 2-2 Typical Method for Flexible Pouches 
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In the test, the air inside the package is purged by maintaining a constant 
flow rate of nitrogen from 30 minutes to several hours depending on the volume 
of the container. Subsequently, the flow rate is reduced and maintained for the 
next 30 minutes before the flow of nitrogen (carrier gas) is diverted to 
coulometric sensors. These can count the number of electrons that enter the 
sensor (four electrons represent one oxygen molecule). The sensor output 
increases gradually before reaching a steady state and that may require several 
hours or days. To expedite testing, the outside of the package can be maintained 
at 100% oxygen level (see Figure 2-1). This will increase the transmission rate 
by a ratio of 100/21 = 4.8. 
Because of the dependence of the oxygen transmission rate on 
temperature (it varies by 3 to 9%/C), tests should be conducted in a draft-free 
constant temperature environment. ASTM (ASTM D3985 2005 and ASTM F1307 
2002) spells out procedures for calculating the oxygen permeance of the 
specimen. 
 
2.3.2 ASTM D3985 
ASTM D3985 (ASTM D3985 2005) standard covers procedures for 
determining the steady state rate of transmission of oxygen for plastics in the 
form of film, sheeting, laminates, coextrusions or plastic coated papers or 
fabrics. 
11 
 
Unlike ASTM F1307 (ASTM F1307 2002) where the specimen itself serves 
as the diffusion cell, in this set up, the test specimen is placed inside a diffusion 
cell where it serves as a barrier between the upper and lower parts of the cell. 
Precise dimensions of the cell are not specified in the standard (ASTM F1307 
states that the typical diffusion cell areas are 100 cm2 and 30 cm2).  
The volumes above and below the test specimen are not deemed to be 
critical. However, they should be small to allow rapid gas exchange but big 
enough so that a bulging (or sagging) film is not in contact with the top or 
bottom surfaces of the cell. 
 
Figure 2-3 Practical Arrangement of Component ASTM D3985 
One face of the specimen is exposed to dry oxygen (test gas) while the 
other is exposed to nitrogen (carrier gas). A neoprene O-ring is placed in a 
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machined groove to position the specimen on the “oxygen” face. The nitrogen 
side has a raised flat rim which is critical for sealing the diffusion cell when the 
test specimen is pressed. 
Air is first purged from the upper and lower diffusion cell chambers as 
shown in Figure 2-3. Thick samples may require several hours to purge or even 
overnight. After this, a reduced flow rate is maintained for 30 minutes. The 
sensor is then inserted and base line measurements taken. Subsequently, the 
test side is connected to an oxygen supply. 
An equation is provided that allows the oxygen permeation constant to be 
extracted. Its unit is in mol/m.s.Pa. 
 
2.3.3 Gas Chromatography 
The oxygen diffusion characterization of FRP material may be determined 
using Gas Chromatography (GC). In an earlier study, a diffusion cell was made 
from an aluminum tubing (outside diameter 73 mm with a 4.8 mm wall 
thickness) and 114.3 mm length. An aluminum plate was welded to the bottom 
of the cell; FRP material was bonded to the top. Inlet and outlet tubes were 
attached to the bottom (Figure 2-4). The inlet tube was used to fill the chamber 
with nitrogen. The cell was kept in air where it is exposed to 20.7% oxygen. The 
outlet tube was used to periodically extract samples (with a 1 ml syringe) of the 
contents of the chamber. The composition of the extracted sample was 
determined using gas chromatography. Special techniques are required to 
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extract the gas sample with the 1 ml syringe from the septum. This method was 
very cumbersome and error-prone since the readings were taken manually. More 
importantly, making the system air-tight was problematic. 
 
Figure 2-4 Gas Chromatography Diffusion Cell 
 
2.3.4 CSIRO 
Commonwealth Scientific and Industrial Research Organization (CSIRO) 
is Australia's national science agency and is one of the largest and most diverse 
research agencies in the world. In 2001, they developed a diffusion cell to 
measure the oxygen characteristic of high density polypropylene membranes. 
These geo-membranes were used to limit the amount of oxygen that would 
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reach tailings (residues of extracted metal ores) placed in de-watered soils to 
prevent them from reacting with the soil and producing undesirable acid sulfate 
soils. 
 
Figure 2-5 – CSIRO Schematic of Diffusion Apparatus (Trefry 2001) 
Figure 2-5 is a schematic of the system developed by CSIRO. The 
cylindrical cell made of acrylic plastic has a volume of 18 cm3 with a depth of 
0.5 cm. As with the GC cell, the test specimen forms the lid of the cell where it 
is positioned by an O-ring to provide a gas-tight seal. The exposed surface area 
of the membrane is 39 cm2. 
The test assembly is conditioned for 1-2 weeks (at room temperature) in 
an anaerobic environment. Subsequently it is moved to an aerobic 
environment. Oxygen diffusion through the membrane is measured using a 
Membrane
O-Ring Seal
Chamber
Data Logger
Oxygen Sensor
Acrylic Plastic
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Figaro oxygen sensor (KE 25, Figaro 2004) that is countersunk with its top flush 
with the base of the cell.  
The Figaro sensor is essentially a lead-oxygen battery. It has a lead 
anode, and a gold cathode. Oxygen entering the sensor reacts to set up a 
current that is proportional to the oxygen concentration. Results reported 
indicate that it took a week for the results to stabilize. Samples tested ranged 
in thickness from 0.75 mm to 7.2 mm.  An analytical model was developed to 
determine the oxygen diffusion constant. 
 
2.4 Development of New Diffusion Cell 
The goal of the present study was to develop a new system that could 
be used to evaluate the oxygen diffusion characteristics of thicker polymer films 
used in infrastructure applications.  
Previous experience with the development of gas chromatographic 
technique had indicated the importance of electronic data collection and the 
avoidance of leaks. Moreover, since a large number of tests had to be 
conducted, assembly of the cell had to be rapid and simple yet leak proof. 
Aluminum had been used for fabricating the diffusion cell developed 
earlier primarily because of its light weight. However, as leaks were detected in 
the aluminum weld it was decided that the new cell would be made of stainless 
steel and would be assembled using bolts.  
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A pair of blank, round, stainless steel plates was purchased from Nor-Cal. 
The plates were 12 mm thick and had a 144 mm outside diameter. They were 
provided with eight bolt holes located symmetrically around the outside 
perimeter.  
The central part of the plates was machined to create 83 mm diameter 
and 4.5 mm deep recess that constituted the diffusion chamber. In case the time 
taken to complete the test was inordinate, the volume of this chamber could be 
reduced by placing appropriately sized aluminum inserts in the opening. 
 
Figure 2-6 Diffusion Cell Partially Disassembled: A. Top Cell, B. Bottom Cell, 
C. Red Rubber Gaskets, and D. 8 Pairs of Bolts, Washers & Nuts. 
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The test specimen is positioned between two 144 mm diameter stainless 
plates. Originally, grooves were cut so that O-rings could be used to make it 
airtight as was used in the CSIRO diffusion cell. However, after extensive testing 
it was discovered to be unreliable. The problem was easily overcome by 
replacing the O-rings by 3 mm thick red rubber gaskets. Ironically, this had been 
recommended in a doctoral dissertation (Paul 1965) published over 40 years ago. 
The diffusion cell is assembled by bolting the two stainless steel plates 
together using eight stainless steel bolts, nuts and washers (Figure 2-6). A 
special, calibrated digital torque wrench was used to ensure uniformity in the 
applied force. As the lengths of the bolts can be varied, it provides a simple yet 
effective means for testing samples of different thicknesses.  
 
2.5 Concentration Gradient 
The diffusion cell was assembled in air and therefore one face of the 
specimen has the same oxygen concentration as air (20.7% of oxygen). The 
other face was flushed with 100% concentration oxygen to provide the needed 
concentration gradient. A similar gradient could also have been created by 
flushing pure nitrogen instead.  
 
2.6 Leak Proofing 
In any cell that is assembled manually, elaborate procedures are needed 
to ensure that there are no leaks. In this case, threaded inlet and outlet 
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openings in the bottom plate were made leak proof by using liquid threaded seal 
Teflon in conjunction with a Swagelok male connector. 
 
2.7 Data Collection 
The same Figaro electrochemical oxygen sensor used in the CSIRO was 
also used in this study. However, all data was corrected to account for oxygen 
that was consumed by this sensor.  
 
Figure 2-7 Prototypes New Diffusion Cell 
The sensor was connected to the Agilent 34970A data acquisition system 
to allow data to be recorded. Temperature data were also recorded at the same 
time since the diffusion constant depends on temperature. 
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Figure 2-7 shows a photograph of a prototype new diffusion cell with the 
oxygen sensor attached at the top. The bolted assembly and the rubber gasket 
can be clearly seen. Two cells are shown since in the testing an additional cell 
with an impermeable material such as steel was tested simultaneously. This set 
up served as an early warning system for possible leaks. 
 
Figure 2-8 Illustration of Components 
 
2.8 Testing Procedure 
Following extensive trials, the set up shown in Figure 2-6 was revised to 
incorporate an additional sensor at the bottom. This permitted the oxygen 
concentrations on both surfaces of the test specimen to be continuously 
monitored thereby enabling verification of steady state conditions assumed in the 
theoretical model. A schematic of the new test set up is shown in Figure 2-8. 
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To make sure that the data were correctly obtained, four specimens were 
tested simultaneously. Three contained test specimens; the fourth had a 
stainless insert where no oxygen was consumed by the sensor. This set up 
enabled allowed any experimental errors to be readily detected. 
 
2.9 Time for Test 
Typically, results were obtained within 24 hours. The theoretical model 
developed allowed the permeation constant of the specimen to be obtained by 
numerical solution of the governing differential equation. Results obtained were 
in good agreement with those in the published literature. 
 
2.10 Summary and Conclusions 
Available methods for determining the oxygen diffusion permeation 
characteristics for thicker polymers used in infrastructure applications are 
unsuitable. This chapter describes the development of a new diffusion cell 
suitable for this application. The diffusion cell proposed is relatively simple to 
construct and since bolts are used its size can be readily altered to accommodate 
a wide range of specimens.  
Calibration tests conducted on thin polymers for which results are 
available validate the test method and the theoretical model developed in 
Chapter 3-5. More tests are shown in the next chapters to evaluate different 
epoxies, fiber reinforced polymers, and fiber reinforced polymers in concrete. 
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The diffusion cell developed provides a simple method for identifying 
materials and systems that are most effective for corrosion repair of 
infrastructure elements. By incorporating these materials, it will become possible 
to optimize the performance of polymer materials used for corrosion repair and 
rehabilitation in the future.  
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Chapter 3 – Measurement of Oxygen Permeability of Epoxy Polymers 
 
3.1 Introduction 
 Epoxies are commonly used in corrosion repair for sealing cracks in 
concrete and as coatings on exterior repairs. More recently, they have been used 
as the resin matrix in fiber reinforced polymers that are increasingly being used 
in corrosion repair (Sheikh et al. 1997, Debaiky et al. 2002, Sen 2003). In all 
these applications, the epoxy serves as a barrier element that impedes the 
ingress of deleterious chemicals that can lead to corrosion of steel in concrete. 
 Chloride-induced corrosion is by far the most pervasive corrosion in 
reinforced or pre-stressed concrete elements. Diffusion of chloride ions to the 
level of the steel reinforcement results in the destruction of the passive layer that 
normally protects steel from corroding. Following its destruction, the presence of 
oxygen and moisture allows the electro-chemical reactions to continue unabated 
resulting in corrosion of steel.  
It is evident therefore, that the effectiveness of repairs where epoxies are 
used is contingent on its ability to keep out both moisture and oxygen. The 
resistance of epoxies to water is well documented (Newman 2001) and indeed 
epoxies are used as external coatings for this very reason. However, unlike 
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water, oxygen is non-polar. Thus, it will not be adsorbed at the polar sites of 
amine cured epoxies as is the case for water (Christopher and Albert 2000). For 
this reason, oxygen diffusion through epoxies is likely to be more critical in 
corrosion repair. As far as it can be ascertained, this has not been the subject of 
any previous research.  
Several methods are available (ASTM F1307 2002, ASTM D3985 2005, 
Trefry 2001, Chowdhury 2010) for determining the oxygen permeation of 
polymers. However, as they were not intended for evaluating thicker materials 
such as fiber reinforced polymers used in infrastructure applications, their 
utilization will be very time consuming. This chapter describes the development 
of an experimental technique that allows determination of the oxygen 
permeation characteristics of polymers that are difficult to prepare as thin films. 
A quasi-steady state diffusion model is developed to interpret the data and 
extract the oxygen permeation constants. The validity of this technique was 
established by comparing results obtained using this technique with published 
results. Subsequently, it was utilized to obtain the oxygen permeation constant 
for five different commercially available epoxies used in marine applications and 
as the matrix for fiber reinforced polymers. 
 
3.2 Research Significance 
Epoxies are widely used as coatings and for repairing cracks in reinforced 
concrete. Knowledge of the oxygen permeability through epoxies is therefore 
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important in material selection for preventing corrosion. The new diffusion cell 
developed in this work enables oxygen characterization of polymer elements 
used for infrastructure repair for which available test methods are not optimal. 
The development of a quasi-steady-state model provides a simple means for 
interpreting data and extracting oxygen permeation constants. 
 
3.3 Definitions 
 Two commonly used terms, diffusion and permeation, need to be 
differentiated: Diffusion refers to the rate of transfer of molecules through unit 
area per time. It has units of m2/sec [ft2/sec]; the permeation constant is a 
derived quantity defined as the product of the diffusion constant and solubility. It 
has units of mol m2/m3 atm. sec [mol ft2/ft3-atm. sec].   
 Permeation constants are often more valuable in practical applications as 
they provide permeation rates of the diffusing molecule directly. In this work, 
these are extracted directly from the developed quasi-steady-state model.  
 
3.4 Existing Methods  
 Oxygen diffusion characterization of polymers is important in disciplines as 
diverse as food packaging, medicine, mining and petroleum refining. As a result, 
several techniques have evolved over the years to meet the special requirements 
of these particular industries. These use vacuum or non-vacuum based methods 
for establishing the required concentration gradients. Since non-vacuum based 
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methods like ASTM F1307 2002, ASTM D3985 2005 and CSIRO (Trefry 2001) are 
simpler to set up and are more amenable for testing brittle materials; these were 
the focus of this study.  
Two ASTM standards were developed for the food packaging industry: 
ASTM F1307 is for testing plastic containers that also serve as the diffusion cell. 
As such, it is unsuitable for this study. On the other hand, ASTM D3985 is more 
suitable since it is used for testing plastics in the form of film, sheeting, 
laminates, co-extrusions or plastic-coated papers.  
ASTM D3985 uses a diffusion cell though no dimensions are specified in 
the standard. The test specimen is placed inside this cell where it serves as a 
barrier between the upper and lower portions. One face of the specimen is 
exposed to oxygen while the other is exposed to nitrogen to achieve steady state 
conditions. Coulometric sensors are used to measure the oxygen that diffuses 
through the test specimen. These count the number of electrons that enter the 
sensor (four electrons represent one oxygen molecule). The oxygen permeability 
constant is calculated by dividing the oxygen transmission rate under steady 
state conditions by the partial pressure inside the test chamber. 
CSIRO developed a diffusion cell for determining the oxygen diffusion 
characteristics of high density polypropylene membranes used by the mining 
industry. The cell was made of acrylic plastic and had a volume of 18 cm3 [1.1 
in3] with a depth of 0.5 cm [0.2 in]. Oxygen diffusion through the membrane 
was measured using a Figaro oxygen sensor (KE 25, Figaro 2004) that was 
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located at the base of the cell. An analytical model was developed to determine 
the oxygen diffusion constant. 
 
3.5 Objectives 
The goal of this study was to develop an efficient experimental and 
analytical technique geared towards the determination of the oxygen permeation 
characterization of thicker polymer films such as epoxies used for concrete 
repair. This requires: 
1. Design of a suitable diffusion cell  
2. Development of an analytical technique that allows interpretation of data 
and also extraction of oxygen permeability constants.  
3. Validation of the proposed technique by comparison with results published 
in the literature. 
4. Determination of oxygen permeation constants for representative epoxies. 
 
3.6 Experimental Program 
 The new method developed is based in part on both the ASTM and CSIRO 
designs to characterize the oxygen permeability of thicker polymer films. The 
basic components of these systems, namely the diffusion cell and sensors were 
retained. However, modifications were made to the design of the diffusion cell so 
that it was optimal for testing thicker elements, such as fiber reinforced polymers 
and concrete specimens.  Thus, the dimensions of the diffusion cell could be 
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altered to accommodate different sized specimens and the volume of the 
diffusion chamber adjustable. Additionally, an analytical technique was 
developed to allow the oxygen permeation constants to be extracted from the 
experimental data. 
 
3.7 Diffusion Cell  
 Figure 3-1 shows the diffusion cell developed for the study. It consists of 
two 12 mm [0.472 in] thick circular stainless steel plates 145 mm [5.709 in.] 
(outside diameter). The plates were purchased from Nor-Cal as “blanks” 
excepting for eight symmetrically located 9.119 mm [0.359 in.] diameter bolt 
holes. The central part of both these blanks was machined to create a diffusion 
chamber for the test specimen. Its volume is 1.7617 x 10-5 m3 [1.08 in3]. 
However, this could be reduced by inserting specially machined aluminum pieces 
(Figure 3-2). 
  The specimen is positioned between two 145 mm [5.709 in.] diameter 3 
mm [0.12 in.] thick red rubber gaskets selected to provide an airtight seal (Paul 
1965). The two stainless steel plates are bolted together using eight stainless 
steel bolts, nuts and washers. A special, calibrated digital torque wrench was 
used to ensure uniformity in the applied force. As the lengths of the bolts can be 
varied, it provides a simple means for testing samples of different thicknesses.  
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Figure 3-1 Schematic Diagram of the Diffusion Cell  
 The diffusion cell was assembled in air and therefore one face of the 
specimen has the same oxygen concentration as air (20.7% of oxygen). The 
other face was flushed with 100% concentration oxygen that was released from 
a standard oxygen cylinder at the rate of 150 standard cubic centimeters per 
minute (SCCM) [5.30E-3 ft3/min]. This required threaded inlet and outlet 
openings in the bottom plate that were fabricated as shown in Figure 3-1. These 
connections were made leak-proof by using liquid threaded seal Teflon in 
conjunction with a Swagelok male connector. 
 Two oxygen sensors were used to monitor the oxygen concentration at 
the top and bottom of the diffusion cell. The connections to both sensors were 
also made leak-proof using specially fabricated threaded openings and liquid 
threaded seal Teflon.  
Air 
100% Ultra High Purity O2 
Top Sensor 
Specimens, 98 mm [3.858 in.] dia. 
Red Rubber 
Gasket 3 mm 
[0.12 in.] thick 
Stainless 
Steel: 145 
mm [5.709 
in.]OD, 83 
mm [3.268 
in.] ID indent 
Bottom Sensor 
 
Liquid Teflon typ. 
InletOutlet 
12 mm 
[0.472 in.] 
typ. 
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Figure 3-2 Aluminum Insert to Reduce Chamber Volume 
 
3.8 Oxygen Sensor 
 The galvanic cell type oxygen sensors used by CSIRO, rather than the 
coulometric sensor used in the ASTM standards, were selected for the study 
because of their lower cost. These 50 mm x 23 mm diameter [1.97 in. x 0.91 in.] 
sensors were developed by Figaro (Model KE-25 F3). They incorporate a lead 
anode and a gold cathode in a weak acid electrolyte. Oxygen molecules entering 
the cell are reduced at the cathode; the sensor is designed so that the resulting 
current (mV) is proportional to the oxygen concentration.  
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 However, the current generated is not the same in all the sensors but falls 
within a narrow band. For this reason, each sensor has to be individually 
calibrated against certified oxygen concentration levels. Figure 3-3 shows typical 
calibration curves that were obtained for four different sensors. The calibration 
plots show the relationship between sensor readings in millivolts and the partial 
pressure of oxygen.  
 
Figure 3-3 Calibration Curves of Sensors 
 The sensors were connected to an Agilent 34970A data acquisition system 
to allow data to be recorded at a desired scan rate and stored. This data set 
could be retrieved later for subsequent analysis. A data acquisition switch unit 
with two multiplexers attached to 16 channels and 20 channels was used. 
Temperature data were also recorded at the same time. 
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3.9 Sensor Oxygen Consumption 
 As the readings generated by the sensor are the result of electro-chemical 
reactions with oxygen molecules, some oxygen is consumed during testing.  
 Figaro’s technical literature (Figaro 2004) provides generic information but 
this may not fully apply for test conditions. For this reason, tests were conducted 
to determine the actual consumption rates in individual sensors used in this 
study. 
 Four series of tests were conducted to measure the variation in the 
oxygen consumption rate with the concentration varying from 19-89%. In each 
case, an airtight cell, that is a diffusion cell with a stainless steel test specimen 
was assembled inside a glove box with a known oxygen concentration level. 
Subsequently, the cell was removed from the glove box and the sensor 
measurements recorded continuously for 24 hours - the typical duration for a 
test.  
 The variation in sensor readings with time for different initial oxygen 
concentrations inside airtight cells are shown in Figure 3-4. If no oxygen had 
been consumed, the readings would have remained constant. Instead, readings 
may be seen to continuously decrease with time.  
 Inspection of Figure 3-4 shows that though the change in sensor reading 
due to consumption varies linearly, the lines are not parallel. This implies that 
the consumption rate (
2OCR ) is a function of concentration / partial pressure of 
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oxygen ( )p
2O . Consumption tends to be greater at higher oxygen concentration 
/ partial pressure levels (shown in mV in Figure 3-4).  
 
Figure 3-4 Consumption Rate Effect for the Sensors in Different O2 
Concentrations 
 As consumption varies linearly with time, the consumption rates of 
sensors at different oxygen partial pressures may easily be extracted from the 
slopes of sensor reading vs. time curves (Figure 3-4). The plot of consumption 
rate (mV/sec) vs. partial pressure (atm.) of oxygen is shown in Figure 3-5. A 
polynomial function, Equation 3-1, was fitted to this curve to obtain an 
interpolation of expression for the rate of change in the sensor reading due to 
consumption.  
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 At any time t, the corrected sensor reading (
ncorS ,mV) was obtained by 
subtracting the total change in sensor reading due to consumption until time t 
(sec) from the raw sensor reading (
nrawS ,mV) as given by Equation 3-2. 
  t t OrawOrawcor dtpfSdtCRSS nnn 0 0 )( 22      (3-2) 
  
Figure 3-5 Consumption Rate vs. Oxygen Concentration  
The consumption rate,
2OCR , (mV/s) is a function of the oxygen partial 
pressure inside the diffusion cell, according to Equation 3-1. In contrast, the 
integral in Equation 3-2 is over time. Therefore, to evaluate this integral, at any 
time t, the raw sensor reading for a particular sensor ( rawS ) was first converted 
to a partial pressure using the linear calibration curve in Figure 3-3. This partial 
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pressure was then utilized to calculate the instantaneous consumption rate using 
Equation 3-1. Subsequently, the integral in Equation 3-2 was evaluated 
numerically using the trapezoidal rule, from the generated )p(f
2O  vs. time data. 
The corrected oxygen partial pressure (pcor) inside the diffusion cell is 
obtained from the corrected sensor reading (Scor) according to the calibration 
curve for the appropriate sensor as shown in Figure 3-3. 
 
3.10 Sample Preparation 
 All test specimens were approximately 98 mm [3.86 in.] in diameter to 
allow sufficient bearing length on either side of the 83 mm [3.27 in.] annular 
opening in the diffusion cell. 
 
3.11 Calibration Specimens 
 The polymer materials tested for calibrating the experimental technique 
were relatively thin. These were Polyethylene Terephthalate (PET) Mylar (0.076 
mm [0.003 in.] thick) and Teflon (0.025 mm [0.0001 in.] thick). They were 
selected because information on their oxygen permeability is available in the 
literature (Vasquez-Borucki at al. 1978, Koros et al. 1981). 
  Preparation for these specimens was relatively simple. It merely 
comprised of cutting them to size by placing the material on a 98 mm [3.86 in.] 
diameter circular stainless steel template and scoring around it with a sharp 
knife. Four samples were prepared for each test. 
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3.12 Epoxy Specimens 
 Five different commercially available epoxies were tested. These are 
identified as A, B, C, D and E. Properties of the epoxies as specified by their 
producers (Fyfe Co 2003, Sika 2003, Air Products 2008, and West System 2008) 
are summarized in Table 3-1. In all cases, the epoxies were prepared strictly in 
accordance with the directions specified by the producers. Four sets of 
specimens for each epoxy type were tested. 
Table 3-1 Epoxy Specimens Properties (Fyfe Co 2003, Sika 2003, Air Products 
2008, West System 2008) 
Description 
Value 
A B C D E 
Tensile Strength, MPa (ksi) 
72.4 
(10.5) 
25 
(3.63) 
55 
(7.98) 
44.13 
(6.4) N/A 
Tensile Modulus, GPa (ksi) 
3.18 
(461) N/A 
1.724 
(250) 
1.25 
(181) N/A 
Elongation at Break (in %) 4.8% 10.0% 3.0% 5.9% N/A 
Flexural Strength, MPa (ksi) 
123.4 
(17.8) 
50 
(7.25) 
79 
(11.45) 
87.6 
(12.70) N/A 
Flexural Modulus, GPa (ksi) 
3.12 
(452) 
3 to 4 
(435-580) 
3.45 
(500) 
2.7 
(391) N/A 
Density in g/cc (lbs/ in.3) 
1.1567 
(0.042) 
1.3500 
(0.0488) 1.80 (0.065) 
0.9466 
(0.0342) N/A 
Specific Gravity 1.1597 N/A 0.94 to 1.17 0.95 1.15 
Glass Transition Temperature 
(Tg), C  (oF) 
86.7        
(188) N/A N/A 
51.7       
(125) N/A 
Curing Time (hours) 72 216 336 168 24 to 96 
Viscosity (in cps) 600 to 700 N/A 500 300 1000 
 
 Special measures were needed for preparing the epoxy specimens. 
Release agents could not be used since they could compromise the diffusion 
characteristics of the epoxy. For this reason the specimens were cast on a 0.15 
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mm [0.006 in.] thick polyethylene sheet that could be easily peeled off after the 
resin had cured. Particular attention was paid to ensure that all air bubbles had 
been removed by placing the resin inside a laboratory vacuum oven for 15 to 30 
minutes and using a hard roller that was applied repeatedly during fabrication. 
 Twenty four hours after the epoxy had been cast it was still pliable 
enough to be cut to a circular 98 mm [3.86 in.] diameter without damage to the 
83 mm [3.27 in.] diameter test region (Figure 3-1). All specimens were tested 
after the resin had cured for at least seven days.  
 
Figure 3-6 Test Specimens Set Up – 1 Control and 3 Test Cells 
 
37 
 
3.13 Test Details 
 All tests were conducted at ambient temperatures inside an air-
conditioned laboratory. Three specimens were tested at a time. To account for 
oxygen consumption, an impermeable control (with a stainless steel specimen) 
was tested alongside. This set up is shown in Figure 3-6.  
Aside from providing information on the oxygen consumed by the sensor, 
the control facilitated the detection of leaks and the identification of the effect of 
environmental variations, such as temperature fluctuations. 
 
3.14 Corrected Data 
 Data obtained from testing were corrected for oxygen consumption as 
discussed earlier. Since the oxygen consumed by the sensor would otherwise 
have been present, it must be added to the raw data. This is shown in Figure 3-7 
in which the broken line represents the raw data and the solid line the corrected 
data. The magnitude of the correction increases with concentration (see Figure 
3-5).  
 
3.15 Extraction of Permeation Constants 
An analytical model using quasi-steady-state approximations, and based 
on standard diffusion theory (Crank 1968 and 1975, Bird et al. 2002) was 
developed to extract the permeation constants from the experimental data. In 
this model, time is divided into arbitrarily small intervals and the diffusion 
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process is considered to be at steady-state for each of these time intervals. 
Steady-state differential material balance and Fick’s law with a constant 
permeation constant were then utilized with boundary conditions of ambient 
oxygen on the outside and concentration of the accumulated oxygen inside the 
cell, obtained from the previous time interval. 
 
Figure 3-7 Raw and Corrected Data for Teflon Specimen 
 The partial pressure for oxygen, p, is calculated from its concentration, C, 
using the ideal gas law as 
CRTp            (3-3) 
, where R is universal gas constant and T is temperature in Kelvin. 
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For each time interval, the steady-state differential material balance 
results in 
0
dx
dF                 (3-4) 
Thus, the oxygen flux F is constant, that is 
ttanConsF           (3-5) 
From Fick’s law for constant permeation constant P, 
dx
dpPF            (3-6) 
 For each time interval Δti, the surface x = 0 is maintained at the constant, 
ambient partial pressure p0,t corresponding to the mole percentage of oxygen. At 
x = h, the thickness of the specimen, the partial pressure ph,i-1 is assumed to be 
that of the accumulated oxygen in the diffusion cell at the end of the previous 
time interval, i-1. Solving the above model for the flux, the amount of oxygen 
accumulated (Mi, moles) into the diffusion cell at time ti, is given by 
)tt.(A.
h
pp
.PMt.A.FMM ii
i,ht,
iiiii 1
10
11 

 
    (3-7) 
where F is a molar flux, A is a surface area of membrane exposed to gas, p0 and 
ph are partial pressure of oxygen inside and outside of diffusion cell, respectively, 
and V is diffusion cell volume. Partial pressure p of oxygen in the cell at ith 
interval is given by 
RT
V
M
p i
i,h
          (3-8) 
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where V is the diffusion cell volume. In this model, A is the surface area over 
which diffusion takes place.  
 The above model is fitted to the corrected data (pcor, raw experimental 
data corrected for oxygen consumption of sensor) of concentration vs. time to 
regress a value of P for each of the specimens.  These values are summarized in 
Tables 3-2 and 3-3. It may be seen from Figures 3-8 to 3-14 that this quasi-
steady-state model in MATLAB software program (Appendix I) fits the 
experimental data quite nicely.  
Table 3-2 Teflon and PET Mylar Results 
Specimens Thickness in mm (in.) 
Permeation from Quasi Steady State Model (mol 
m2/m3 atm. sec [mol ft2/ft3 atm. sec ]) 
Published 
Data 
Teflon 
0.025 (0.0001) 7.12E-11 (2.17E-11) 
8.83E-11 
(2.69E-11) + 
2.17E-11 
(6.61E-12) 
16.2E-11 
[4.93E-11] 
(Koros and 
Felder 
1981) 
0.025 (0.0001) 7.48E-11 (2.28E-11) 
0.025 (0.0001) 8.83E-11 (2.69E-11) 
0.025 (0.0001) 1.19E-10 (3.6E-11) 
PET Mylar 
0.076 (0.003) 4.13E-13 (1.26E-13) 
3.7E-13 
(1.13E-13) + 
4.7E-14 
(1.43E-14) 
4E-13 to 
6.7E-13 
[1.22E-13 
to 2.04E-
13] 
(Vasquez-
Borucki et 
al. 2000) 
0.076 (0.003) 3.61E-13 (1.1E-13) 
0.076 (0.003) 3.07E-13 (9.35E-14) 
0.076 (0.003) 3.97E-13 (1.21E-13) 
 
3.16 Results 
 Table 3-2 compares the results for thin films of Teflon and PET Mylar 
obtained from this study with those available in the published literature. Each 
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test was carried out four times and as mentioned earlier, the set-up always 
included a control with a steel insert to provide a check on possible leaks. 
 It may seen that even when samples of the same thickness are tested 
identically, the results obtained are not identical but fall within a range, e.g. for 
the four PET Mylar specimens with a thickness of 0.076 mm [0.003 in.], the 
permeation constants range from 3.07 x 10-13 to 4.13 x 10-13 mol m2/m3 atm. sec 
[9.35 x 10-14 to 1.26 x 10-13 mol ft2/ft3 atm. sec]. The difference in the results is 
due to unavoidable minor variations in the experimental conditions, e.g. air flow 
rate, temperature. The results compare favorably with the 4 x 10-13 to 6.7 x 10-13 
(mol m2/m3 atm. sec [1.22 x 10-13 to 2.04 x 10-13 mol ft2/ft3 atm. sec] reported in 
the literature (Vasquez-Borucki et al. 2000). The results for Teflon 8.83 x 10-11 ± 
2.17 x 10-11 mol m2/m3 atm. sec [2.69 x 10-11 ± 6.61 x 10-12 mol ft2/ft3 atm. sec] 
are also of the same order of magnitude reported in the literature (Koros and 
Felder 1981) 16.2 x 10-11 mol m2/m3 atm. sec [4.93 x 10-11 mol ft2/ft3 atm. sec]. 
This agreement validates the test method developed in this research project.  
 
3.16.1 Epoxy Results 
 The five different commercially available epoxies tested (Table 3-1) are 
used either with fiber reinforced polymers (A, Fyfe Co 2003 ; C, Sika 2003), 
waterproofing (B, Sika 2003), concrete repair (D, Air Products 2008) or boat 
repair (E, West System 2008). 
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 Table 3-3 summarizes the oxygen permeation results for these epoxies. In 
each case, four separate samples of each type were tested. As with all tests on 
polymers, values fall within a range. For example, for epoxy B used for water 
proofing, the values range from 2.98 x 10-12 to 4.96 x 10-12 mol m2/m3 atm. sec 
[9.08 x 10-13 to 1.51 x 10-12 sec mol ft2/ft3 atm. sec] with an average value of 
3.48 x 10-12 + 1.278 x 10-12 mol m2/m3 atm. sec [1.06 x 10-12 + 3.89 x 10-13 mol 
ft2/ft3 atm. sec]. Most of the epoxies tested have permeation rates that are of 
the same order of magnitude. 
Table 3-3 Permeation Results for Epoxy Polymers Tested 
Specimens Thickness in mm (in.) 
Permeation from Quasi Steady State Model(mol m2/m3 
atm. sec [mol ft2/ft3 atm. sec ]) Application 
A 
0.285 (0.0112) 3.97E-12 (1.21E-12) 
3.57E-12 
(1.09E-12) + 
4.902E-13 
(1.49E-13) FRP 
0.233 (0.0093) 2.98E-12 (9.08E-11) 
0.256 (0.010) 3.97E-12 (1.20E-12) 
0.238 (0.0094) 3.34E-12 (1.02E-12) 
B 
0.286 (0.0113) 2.98E-12 (9.08E-13) 
3.48E-12 
(1.06E-12) + 
1.278E-12 
(3.89E-13) Waterproofing 
0.326 (0.0128) 1.99E-12 (6.06E-13) 
0.305 (0.0120) 3.97E-12 (1.21E-12) 
0.349 (0.0137) 4.96E-12 (1.51E-12) 
C 
0.253 (0.00994) 1.54E-12 (4.69E-13) 
2.56E-12 
(7.8 E-13) + 
1.272E-12 
(3.87E-13) FRP 
0.244 (0.0096) 3.66E-12 (1.11E-12) 
0.266 (0.0105) 3.66E-12 (1.11E-12) 
0.191 (0.00753) 1.39E-12 (4.22E-13) 
D 
0.285 (0.0112) 8.92E-12 (2.72E-12) 
7.68E-12 
(2.34E-12) + 
9.479E-13 
(2.89E-13) Concrete Repair 
0.249 (0.0098) 6.94E-12 (2.11E-12) 
0.345 (0.0136) 6.94E-12 (2.11E-12) 
0.219 (0.0086) 7.93E-12 (2.42E-12) 
E 
0.211 (0.00832) 3.52E-12 (1.07E-12) 
2.87E-12 
(8.74E-13) + 
1.224E-12 
(3.72E-13) Boat Repair 
0.239 (0.0094) 2.80E-12 (8.53E-13) 
0.211 (0.00832) 1.18E-12 (3.59E-13) 
0.229 (0.009) 3.97E-12 (1.21E-12) 
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 One of the materials, epoxy E was included in this study because in tests 
conducted by Wootton et al. 2003, its performance in corrosion repair was found 
to be poorer in comparison to epoxy B. The test results however, show their 
oxygen permeation rates to be comparable. This suggests that other factors 
(Baiyasi and Harichandran 2001) may have been responsible for their result. 
 
Figure 3-8 Experimental and Fitted Data for Teflon Specimen 
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Figure 3-9 Experimental and Fitted Data for PET Mylar Specimen 
 
Figure 3-10 Experimental and Fitted Data for Epoxy A 
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Figure 3-11 Experimental and Fitted Data for Epoxy B 
 
Figure 3-12 Experimental and Fitted Data for Epoxy C 
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Figure 3-13 Experimental and Fitted Data for Epoxy D 
 
Figure 3-14 Experimental and Fitted Data for Epoxy E 
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3.17 Discussion 
 Available techniques for measuring oxygen diffusion constants developed 
for the food packaging or for the mining industry are not completely suitable for 
infrastructure applications where polymer elements used may be 5-10 times 
thicker requiring much longer testing time. The new diffusion cell (Figure 3-1) 
developed is versatile and can be used to test polymer samples having a wide 
range of thicknesses. This is made possible by the incorporation of several new 
features such as (1) the adjustable bolt length (2) the option for inserts (Figure 
3-2) to reduce the diffusion chamber volume thereby reducing the time required 
to obtain results for thick, highly impermeable materials and (3) the use of two 
sensors (top and bottom, in Figure 3-1) to monitor the oxygen gradient. 
 Several improvements were made to the test procedure; these include the 
development of correction factors (Equation 3-2) to account for oxygen 
consumption by individual sensors and a test protocol in which four specimens 
were tested at a time with an impermeable stainless steel specimen control 
included in each test (Figure 3-6). 
 An analytical model developed allowed the extraction of the oxygen 
permeation constants. Tests on specimens for which results are available in the 
published literature showed very good agreement (Table 3-2). This provides 
confirmation on the validity of the proposed technique. 
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3.18 Application to Concrete 
As noted earlier, epoxy coatings are applied to concrete surfaces as 
barrier elements to prevent deleterious materials from reaching the steel 
reinforcement and thereby control corrosion. The permeability constants 
obtained from this study may be used to estimate the reduction in corrosion rate 
by making appropriate simplifying assumptions (an “exact” solution requires 
information on the corrosion reaction rate and the diffusion of oxygen through 
both the concrete cover and any iron oxide (rust) formed on the steel surface). 
In the simplified analysis presented, the corrosion process is assumed to 
be diffusion step limited. And both concrete and iron oxide are assumed to offer 
no resistance to oxygen diffusion because of their porous structure. 
The analysis permits the determination of the corrosion rate of steel in 
chloride contaminated concrete whose exposed surface is protected by an epoxy 
coating. In essence, results from the study allow calculation of the number of 
moles of oxygen that reach the steel surface. The metal loss corresponds to the 
number of moles of iron that react with this oxygen (Broomfield 1997) as 
explained later. 
 
3.19 Simplified Analysis 
In practice, the thickness of the epoxy coating applied to a concrete 
surface varies from 1.5 to 2 mm [0.06 to 0.08 inch] (Liu and Vipulanandan 
2005). This is much thicker than the epoxy specimens tested that ranged in 
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thickness from 0.19 to 0.35 mm [0.0075 to 0.0138 inch] (see Table 3-3). 
Nonetheless, the results are still applicable because permeability is a property of 
the polymer that is independent of thickness. 
The permeation rate, N, (mol/m2.sec [mol/ft2.sec]), however, depends on 
the thickness of the coating. By definition, N (mol/m2.sec) is given by 
x/)pp(PN i 0          (3-9) 
In Equation 3-9, P is the permeability constant, x the thickness of the (epoxy) 
barrier, and po and pi the partial pressures on its outer and inner surfaces. If the 
epoxy coated surface is exposed outdoors, po is 1 atm. The partial pressure on 
the inner surface, pi, is taken as zero since it is assumed that whatever oxygen 
permeates through the barrier is immediately consumed. This implies that there 
is good bond between the epoxy and the concrete surface. 
The total amount of oxygen (M in moles) that can reach the steel surface 
through the epoxy coated concrete (area A in m2 [ft2]) over time t (in seconds) is 
obtained from the permeation rate, N by multiplication. Substituting pi = 0, in 
Equation 3-9, M is given by Equation 3-10 as: 
x
tApP
tANM o
        (3-10) 
Equation 3-10 may be used to calculate the number of moles of oxygen 
that reach the steel surface.  
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3.20 Numerical Example 
A 2 mm [0.08 inch] thick epoxy A coating (P = 3.57 x 10-12 
mol.m2/m3.atm.sec) is applied to a concrete slab reinforced by #16 [#5] bars 
uniformly spaced in the longitudinal and transverse directions. There are exactly 
three bars in each direction per m length as shown in Figure 3-15. The concrete 
surrounding the steel is chloride contaminated and its passive layer destroyed. 
Estimate the corrosion rate of the steel /year. 
 
Figure 3-15 Steel Layout in Numerical Example 
 
3.21 Solution 
From basic electro-chemical corrosion theory (Broomfield 1997), 1 mole of 
oxygen reacts with 2 moles of iron to form rust. Therefore, if the number of 
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moles of oxygen reaching the steel surface is known (from Equation 3-10), the 
number of moles of iron converted to rust is twice this quantity. Using the 
relationship between molecular weight and moles, the metal loss can be 
determined. Knowledge of the metal loss allows calculation of the corrosion rate. 
Calculate M using Equation 3-11, 
moles. 10 x 5.63
0.002
10 x 3.15110 x 3.57
x
tApP
M 2-
7-12
o 
  (3-11)
 
This reacts with 2 x 5.63 x 10-2 = 0.1126 moles of iron, equivalent to 6.29 
g/m2. This is the metal loss over one year over each square meter. 
 
3.22 Calculation of Corrosion Rate 
If corrosion is assumed to be uniform, its rate can be calculated. The 6.29 
g [0.0139 lb] metal loss corresponds to a volume of 0.799cc [0.0488 in3] in six 
bars or 0.799/6 = 0.133 cc [0.00813 in3] per bar over their 1 m [39.37 in.] 
length or 0.00133cc [2.065 x 10-4 in2] in its cross-section. The initial radius, ro, of 
the #16 [#5] bar is 0.7958 cm [0.3125 in.] and its final radius, rf can be 
calculated from the change in cross-section. That is, 
cm 0.7935ror      0.00133πrπr c2f2o   
Thus, the corrosion depth is 0.7958-0.7935 = 3 x 10-4 cm/yr [0.12 mils 
per year].  
 Using Faraday’s law, the corrosion current density can be calculated as 
0.2μA/cm2 (for metal loss of 1.0488 g/bar) which is a very low corrosion rate. 
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This rate would be doubled if the thickness of the epoxy layer were halved since 
the metal loss is inversely proportional to the thickness of the epoxy coating 
(Equation 3-10). 
 More accurate predictions are possible if data on the permeability of the 
epoxy coated concrete members were available. In the interim, the permeability 
data provides a simple means for assessing its effectiveness as a protective 
barrier against electro-chemical corrosion of steel in reinforced concrete. 
 
 3.23 Summary and Conclusions 
This chapter describes a new test method for measuring the oxygen 
diffusion characteristics of thicker polymer elements typically used in 
infrastructure applications. A quasi-steady-state model for the diffusion process 
was constructed, which allowed for the calculation of permeation constants from 
the experimental data. Permeation constants were obtained by fitting this model. 
Results obtained from the study show good agreement with those reported in 
the literature (Vasquez-Borucki et al. 2000, Koros et al. 1981).  
The results presented show that all the epoxies tested had oxygen 
permeabilities that were of the same order of magnitude. This indicates that a 
range of available products are suitable for corrosion repair. Thus, it may be 
possible to optimize repair costs by selecting the most cost-effective epoxy 
system. A numerical example illustrates the application of the results.  
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Chapter 4 – Oxygen Permeability of Fiber Reinforced Laminates 
 
4.1 Introduction 
The poor performance of conventional repairs has led to renewed interest 
in the application of fiber reinforced polymer (FRP) for rehabilitating corroded 
concrete structures. Despite higher material costs, FRP may be more economical 
if it results in fewer re-repairs. Indeed, several highway agencies have used FRP 
for corrosion repair for precisely this reason. For example, in 1993, the Florida 
Department of Transportation selected FRP to repair a corrosion-damaged bridge 
over SR 24 in Melbourne, Florida. In 1994, the Vermont Transportation Agency 
chose FRP for repairing corrosion-damaged columns over conventional repairs as 
it led to 35% savings, Tarricone 1995. Later, New York State DOT opted for FRP 
for repairing corrosion damaged columns because it cost less, Alampalli 2001. 
More details on the use of FRP by various highway agencies may be found in a 
state-of-the-art paper Sen 2003. 
Several investigators have presented data confirming that the rate of 
corrosion is reduced when FRP is used, e.g. Sheikh et al. 1997, Berver et al. 
2001. The mechanism for such a reduction is not known; however, it is 
speculated that the FRP serves as a barrier element that slows down corrosion 
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by preventing the ingress of deleterious materials. Experimental results reported 
were sometimes anomalous and counter intuitive. For example, researchers 
reported that the performance was poorer when a greater number of FRP layers 
were used, e.g. Wootton et al. 2003, Suh et al. 2007.  
Chloride-induced corrosion is by far the most pervasive corrosion in 
reinforced or prestressed concrete elements. Diffusion of chloride ions to the 
level of the steel reinforcement results in the destruction of the passive layer that 
normally protects steel from corroding. Following its destruction, the presence of 
oxygen and moisture allows the electro-chemical reactions to continue unabated 
resulting in corrosion of steel.  
Hence, it is evident, that the effectiveness of FRP corrosion repairs is 
contingent on its ability to keep out both moisture and oxygen. As the size of the 
oxygen molecule is smaller than that of water or chloride molecules, its diffusion 
rate through FRP is the more critical. This is because the larger the molecular 
diameter and the stronger the interactions, the smaller the diffusion constant. 
Thus, oxygen with its smaller molecular diameter has a larger diffusion constant 
and will therefore diffuse faster than both chlorides and water. 
Several experimental and theoretical studies have been conducted by the 
aerospace industry to investigate thermo-oxidation effects of CFRP laminates, 
e.g. Colin et al. 2005, Pochiraju and Tandon 2009. The focus of these studies 
was chemical degradation caused by extended exposure to high temperature, 
e.g. Pochiraju and Tandon 2009 reported that tests were carried out at a 
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temperature of 288o C. Since reaction rates are exponentially dependent on 
temperature, such degradation is likely to be negligible for FRP used in 
infrastructure applications where they are exposed to ambient outdoor 
environments.  
This chapter focuses on the determination of the oxygen diffusion 
characteristics of FRP used in infrastructure applications. In the study, a new test 
method and a new analytical method were developed. Results obtained using 
this method showed excellent agreement with published data, Khoe et al. 2010. 
The application of this method to determine the oxygen permeation rates for the 
two most commonly used FRP materials; carbon and glass are presented in this 
chapter. A brief summary of relevant information on diffusion testing is first 
presented followed by details of the test program, results and their discussion. 
 
4.2 Objectives 
The goal of the study was to determine oxygen permeation rates of fiber 
reinforced laminates used in infrastructure applications that were fabricated 
using wet lay-up techniques. Commercially available carbon and glass material 
were evaluated. The laminates tested were single or dual layer, unidirectional or 
bidirectional. In addition, laminates with randomly oriented fibers were tested to 
determine the effect of fiber architecture on oxygen permeation rates. 
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4.3 Diffusion Basics 
Barrier elements are widely used by industries as diverse as food 
packaging, mining, paint and petroleum refining. Its role is to preserve contents 
or prevent corrosion; effectiveness is gagged by the ability to prevent 
transmission of deleterious material. This is typically characterized by the 
diffusion constant, D, derived from Fick’s law and expressed in units of m2/sec. 
Effective barriers have small diffusion constants. 
The transport of gases by diffusion is driven by concentration gradients; 
therefore, experimental determination of the diffusion constant requires a 
diffusion cell that allows the two exposed surfaces of the test material (FRP in 
our case) to be kept at different gas concentrations. In the analysis, partial 
pressures rather than concentrations were used but this yields a permeability 
constant P rather than a diffusion constant. The permeability constant is defined 
as the rate per unit area at which a gas passes through a material of unit 
thickness under one unit pressure difference expressed in units of 
mol.m2/m3.atm.sec. In practical applications, the permeability constant is more 
useful than the diffusion constant; for example, in diffusion-step limited corrosion 
processes, the permeation constant can be directly used to calculate metal loss 
due to corrosion, as illustrated in Khoe et al. 2010. 
An analytical model was developed using quasi-steady-state 
approximations to extract the permeation constants from the experimental data. 
This is based on standard diffusion theory, Crank 1975; Bird et al. 2002. In the 
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model, time is divided into arbitrarily small intervals, e.g. 60 seconds, and the 
diffusion process is assumed to be steady-state for each time interval. Steady-
state differential material balance and Fick’s law for a constant permeation 
constant are then utilized to satisfy the boundary conditions used in the testing. 
These were ambient oxygen on one FRP surface exposed to air and the 
measured accumulated oxygen inside the diffusion chamber for the previous 
time interval for the other surface. More details on the analysis may be found 
elsewhere, Khoe et al. 2010. 
 
Figure 4-1 Schematic Diagram of Diffusion Cell 
 
4.4 Measuring Permeability Constants 
 Concentration gradients can be experimentally set up using vacuum or 
non-vacuum based systems. Since non-vacuum based systems are less complex, 
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a new non-vacuum based diffusion cell was developed in this study. The new 
system is based on existing systems described in ASTM standards and in the 
published literature, ASTM D3985-05 2005; ASTMF1307-02 2002; Trefry 2001, 
but refined so that it can be used for infrastructure applications involving FRP 
and concrete. Brief details are presented here; more complete information may 
be found elsewhere, Khoe et al. 2009. 
 
4.5 Diffusion Cell  
 The diffusion cell developed for the study is shown in Figure 4-1. It 
consists of two 12 mm thick circular stainless steel plates 145 mm outside 
diameter. The central part of these plates was machined to create a diffusion 
chamber for the test specimen with a volume of 1.7617E-5 m3. However, this 
volume can be reduced by using appropriate aluminum inserts. 
  The FRP test specimen is positioned between the two 145 mm diameter 
plates and 3 mm thick red rubber gaskets that were used to provide an airtight 
seal, Paul 1965. The two parts of the diffusion cell are assembled together using 
eight stainless steel bolts, nuts and washers. A special, calibrated digital torque 
wrench was used to ensure uniformity in the tightening force. As the lengths of 
the bolts can be varied, it provides a simple method for testing samples of 
different thickness.  
  The cell is assembled in air and therefore one surface of the specimen has 
the same oxygen concentration as air (20.7% of oxygen). The other surface is 
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flushed with 100% concentration oxygen that is released from a standard oxygen 
cylinder at the rate of 100 Standard Cubic Centimeters per Minute (SCCM). This 
required threaded inlet and outlet openings in the bottom plate that were 
fabricated as shown in Figure 4-1. These connections were made leak proof by 
using liquid threaded seal Teflon in conjunction with a Swagelok male connector.  
 
4.6 Oxygen Sensor 
Two galvanic cell type oxygen sensors 50 mm x 23 mm diameter were 
used to monitor the oxygen concentration at the top and bottom of the diffusion 
cell. The connections to both sensors were also made leak proof using specially 
fabricated threaded openings and liquid threaded seal Teflon. Each sensor has to 
be individually calibrated against certified oxygen concentration levels. 
 The sensors were connected to an Agilent 34970A data acquisition system 
to allow data to be recorded and stored at a desired scan rate. This data set 
could be retrieved later for subsequent analysis. A data acquisition switch unit 
with two multiplexers attached to 16 channels and 20 channels was used. 
Temperature data was recorded simultaneously. 
 
4.7 Sensor Oxygen Consumption 
 The oxygen concentrations measured by the sensors rely on electro-
chemical reactions with oxygen molecules. As a result, some oxygen is consumed 
during the testing. Information on this consumption provided by the 
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manufacturers Figaro 2004 is generic and may not fully apply for all test 
conditions. For this reason, extensive tests were conducted to determine the 
actual consumption rates in individual sensors used in this study. 
 Five series of tests were conducted to measure the variation in the oxygen 
consumption rate with the concentration varying from 19-89%. This data was 
used to develop appropriate consumption rates at different oxygen 
concentrations to correct the experimental data. More details may be found in 
Khoe et al. 2010. 
Table 4-1 Epoxy Materials Property 
Property A B C D 
Density, pcf [kg/m3] 99.9 [1,600] 61.3 [983] 67.6 [1,082] 72.3[1,160] 
Tensile Strength, psi [MPa] N/A 8,000 [55.2] 7,150 [49.3] 8,000 [55] 
Elastic Modulus, ksi [MPa] N/A 440 [3,034] 289.3 [1,995] 250 [1,724] 
Flexural Strength, psi [MPa] 8.000 [55.2] 20,000 [138] 11,140 [76.8] 11,500 [55] 
Flexural Elastic Modulus, ksi 
[MPa] N/A 540 [3,724] 252.4 [1,740] 500 [3,450] 
Viscosity at room temperature 
(25oC), cps 
14,000-
18,000 1600 1500-1600 500 
Mixing time, min. 5 3 3 5 
Mixer speed, rpm 400-600 600 400-600 400-600 
Color gray Blue pigmented syrup, amber 
clear, 
amber 
Approx. Cure Time, days 7 7 3 14 
Note: N/A is not available 
 
4.8 Experimental Program 
To meet the goals of this research, four commercially available FRP 
systems were evaluated. These are identified as systems A-D in this chapter. In 
each system, both carbon and fiberglass were tested and four alternative 
configurations shown in Figure 4-2 evaluated. These were unidirectional / 
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bidirectional that are most commonly used in repairs (Figure 4-3). In addition, a 
random orientation was explored in which fibers were cut into small pieces and 
saturated with resin to prepare the specimen. This simulated repair applications 
in which FRP is installed using shotcreting, Banthia and Boyd 2000. 
Material properties of the resin and the four fiber systems are summarized 
in Tables 4-1 and 4-2. Table 4-1 provides information on the physical and 
mechanical properties of the resin including viscosity, mixing and cure time. 
Table 4-2 summarizes mechanical and physical properties of the fibers for the 
four systems. Excepting for System B that only had unidirectional fibers, the 
remaining three systems had at least one material with both unidirectional and 
bidirectional fibers. 
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Table 4-2 FRP Fabric Material Property 
System Fiber Type 
Fiber 
Orientation 
Fiber Density, 
lb/in3 
[g/cm3] 
Areal 
Weight, 
lb/ft2 [g/m2] 
Fabric 
Width, 
inch [mm] 
Nominal 
Thickness, tf 
in/ply 
[mm/ply] 
Tensile 
Strength, 
ksi [MPa] 
Tensile 
Modulus, ksi 
[GPa] 
Elongation, 
% 
A 
Carbon 0o 0.063 [1.74] 0.1331 [644] 24 [610] 0.04 [1.0] 550 [3,790] 33,400 [230] 1.00% 
Glass 0o 0.092 [2.55] 0.1891 [915] 54 [1,373] 0.014 [0.36] 470 [3.240] 10,500 [72.4] 4.50% 
Glass 0o/90o 0.092 [2.55] 0.0611 [295] 50 [1,270] 0.01 [0.25] 470 [3.240] 10,500 [72.4] 4.50% 
B 
Carbon 0o 0.0614 [1.7] 0.062 [300] 20 [500] 0.0065 [0.165] 720 [4,950] 33,000 [227] 1.67% 
Glass 0o 0.0936 [2.6] 0.186 [900] 24 [610] 0.0147 [0.373] 220 [1,517] 10,500 [72.4] 2.10% 
C 
Carbon 0o 0.065 [1.8] 0.128 [627] 25 [635] 0.0399 [1.01] 550 [3,800] 33,500 [231] 1.10% 
Carbon 0o/90o 0.065 [1.8] 0.139 [677] 50 [1,270] 0.05 [1.27] 550 [3,800] 33,500 [231] 1.00% 
Glass 0o 0.0556 [1.54] 0.139 [677] 50 [1,270] 0.037 [0.94] 63.7 [439] 2,940 [20.27] 2.20% 
Glass 0o/90o 0.556 [1.54] 0.1667 [812] 50 [1,270] 0.04 [1.0] 45.6 [314] 2,130 [14.685] 1.90% 
D 
Carbon 0o 0.065 [1.8] 0.1269 [618] 25 [635] 0.04 [1.0] 550 [3,793] 34,000 [234.5] 1.50% 
Carbon 0o/90o 0.065 [1.8] 0.04 [196] 50 [1,270] 0.010 [0.025] 66 [456] 6,000 [41.4] 1.50% 
Glass 0o 0.092 [2.54] 0.187 [913] 50 [1,270] 0.014 [0.359] 330 [2,276] 10,500 [72.413] 4% 
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Type Fiber Architecture Remarks 
1 Unidirectional  one layer 
 
N/A 
2 Unidirectional  two layers 
 
N/A 
 
 
 
 
 
3 
 
 
 
 
 
Bidirectional 
 
Bidirectional  one 
layer 
 
Bidirectional  
using 0o/90o 
unidirectional fibers 
(two layers) 
4 Random 
Chopped fibers  
(25-75 mm) placed 
randomly in matrix 
 
Note: N/A is not available 
Figure 4-2 Fiber Orientation in Laminates Tested 
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Figure 4-3 Fiber FRP Orientation 
 
4.9 Sample Preparation 
 The diffusion cell was designed to be circular to facilitate the application 
of uniform pressure along the perimeter of the test specimen using the eight 
symmetrically placed bolts. This was an important consideration since pressure 
prevented leakage. This meant that the test specimens also had to be circular. 
The approximate diameter of the test specimen was 98 mm to provide adequate 
bearing length on either side of the 83 mm annular opening in the diffusion cell 
(Figure 4-1). 
 To prepare circular specimens, the FRP fabric has to be cut into the 
required circular shape. However, if this approach is used, there is a tendency for 
the fibers to spread along the perimeter that can introduce voids in the 83 mm of 
diameter test window. This would result in artificially higher permeation values 
that would not be representative of actual practice. Several attempts were made 
to solve this problem. For example, after the fabric had been cut to a circular 
shape, the fibers along the edges were stitched. But, this approach resulted in 
resin overrun along the boundaries that could crack. Moreover, stitching along 
Uni‐directional Bi‐directional Random
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the perimeter of small diameter specimens was very time consuming and did not 
yield reproducible results.  
In view of this, an alternative fabrication method was devised. In this 
method, 30 cm x 30 cm fiber strips were saturated with resin and placed on a 
0.1524 mm thick polyethylene sheet that rested on a flat surface. A second 
polythene sheet was placed over the resin soaked fibers and a steel roller was 
used to remove air bubbles. Circular specimens were obtained after 8-10 hours 
of curing by carefully cutting around a circular template. At that time, the resin 
was rubbery and did not crack. This method allowed four specimens to be made 
at a time. The approach was faster and yielded specimens that were more 
representative of wet lay-up used in field applications. The thickness of the test 
specimens ranged from 0.3 mm to 3.25 mm; and the volume fiber fraction 
average for test specimens systems A-D ranged from 22% to 42% (Kaw 2005, 
Appendix II). 
 
4.10 Test Details 
 All tests were conducted after the laminate had cured for the time 
recommended by the manufacturer (Table 4-1). In the testing, the FRP laminate 
was carefully centered over the opening in the lower plate and placed on a 
rubber gasket. The upper rubber gasket was then placed over it. The two parts 
of the cell were now assembled using bolts, nuts and washers that were 
symmetrically tightened to a specified torque of 10.2 N-m using a digital torque 
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wrench. This operation is crucially important for preventing leaks from 
developing. 
Oxygen concentrations on both faces of the test specimen were monitored 
throughout. One face was subjected to ultra high purity (100%) oxygen while 
the other face was exposed to air. To ensure steady state conditions, oxygen 
was circulated constantly for 24 hours using a flow rate of 100 SCCM.  
To verify that there were no leaks, two diffusion cells were tested at a 
time - one containing the FRP test specimen and the other a control containing 
an impermeable steel insert. The top sensor reading in Figure 4-1 corresponding 
to the surface of the stainless steel specimen exposed to air showed a decrease 
over time since no oxygen permeated through the steel. This decrease was due 
to oxygen consumed by the sensor in that chamber. In contrast, the same 
sensor showed increases over time for the FRP specimen. This increase offset 
the oxygen consumed by the sensor and was due to diffusion of oxygen through 
the FRP. Any departures from this response would indicate leaks in the system. 
The transport of gases is very sensitive to temperature. Minor fluctuations 
in temperature caused by opening of doors, movement of personnel, changes in 
air-conditioning can lead to poor results. Therefore, particular attention was paid 
to minimize such effects by enclosing the diffusion cells inside an insulated box. 
Readings were recorded every minute and a typical test ran for 24 hours.  
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4.11 Corrected Data 
 Data was corrected for oxygen consumption as discussed earlier. Since 
the oxygen consumed by the sensor would otherwise have been present, it must 
be added to the raw data. The correction is greater at higher concentrations, 
Khoe et al. 2010.  
Table 4-3 Oxygen Permeation Constant Values for Epoxy and FRP Laminates 
Type 
Specimens Permeation in mol m2/m3 atm sec 
A B C D 
Permeation Average Permeation Average Permeation Average Permeation Average 
Epoxy only 
4.060E-12 3.670E-12 1.288E-11 8.920E-12 1.540E-12 2.956E-12 3.466E-12 3.764E-12 
4.150E-12 + 4.960E-12 + 3.664E-12 + 3.970E-12 + 
2.800E-12 7.548E-13 8.920E-12 3.960E-12 3.664E-12 1.226E-12 3.856E-12 2.643E-13 
CFRP 
unidirectional 
one layer 
1.900E-12 5.260E-12 2.710E-12 2.380E-12 3.160E-12 2.620E-12 3.970E-12 4.116E-12 
3.970E-12 + 1.630E-12 + 2.180E-12 + 4.521E-12 + 
9.910E-12 4.158E-12 2.800E-12 6.511E-13 2.520E-12 4.976E-13 3.857E-12 3.553E-13 
CFRP 
unidirectional 
two layers 
9.910E-12 1.294E-11 6.535E-11 6.998E-11 4.654E-11 3.588E-11 2.872E-11 4.677E-11 
9.910E-12 + 4.550E-11 + 3.541E-11 + 4.586E-11 + 
1.900E-11 5.248E-12 9.910E-11 2.710E-11 2.568E-11 1.044E-11 6.574E-11 1.853E-11 
GFRP 
unidirectional 
one layer 
9.820E-12 6.700E-12 7.822E-12 4.924E-12 4.960E-12 5.862E-12 7.930E-12 5.592E-12 
6.400E-12 + 2.980E-12 + 6.940E-12 + 2.980E-12 + 
3.880E-12 2.981E-12 3.970E-12 2.558E-12 5.687E-12 1.002E-12 5.867E-12 2.486E-12 
GFRP 
unidirectional 
two layers 
2.620E-11 2.203E-11 1.720E-11 1.336E-11 1.387E-11 1.335E-11 5.950E-12 1.316E-11 
2.530E-11 + 1.099E-11 + 1.288E-11 + 1.585E-11 + 
1.460E-11 6.453E-12 1.189E-11 3.356E-12 1.330E-11 4.969E-13 1.768E-11 6.311E-12 
CFRP 
bidirectional one 
layer 
8.920E-12 5.740E-12 7.802E-12 8.844E-12 1.981E-11 2.535E-11 1.090E-11 3.317E-11 
4.330E-12 + 9.900E-12 + 2.125E-11 + 2.986E-11 + 
3.970E-12 2.760E-12 8.830E-12 1.049E-12 3.498E-11 8.374E-12 5.876E-11 2.410E-11 
GFRP 
bidirectional one 
layer 
5.545E-11 4.660E-11 3.706E-12 4.602E-12 3.548E-11 2.634E-11 4.877E-12 4.100E-12 
6.535E-11 + 4.555E-12 + 2.476E-11 + 5.877E-12 + 
1.900E-11 2.441E-11 5.545E-12 9.203E-13 1.877E-11 8.466E-12 1.547E-12 2.267E-12 
Note: + in the average value is based on standard deviation 
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4.12 Results 
 The results from the study are summarized in Tables 4-3 and 4-4. Table 
4-3 contains results for the unidirectional and bidirectional systems for the three 
fiber orientations, Types 1-3, shown in Figure 4-2. In addition, the results for the 
epoxy used to make the laminate are also included.  The results for randomly 
oriented fibers, Type 4 in Figure 4-2, are presented separately in Table 4-4. Each 
table provides results for the four different systems A-D (Table 4-2) that were 
tested. Overall, twenty seven tests were carried out for each system and for the 
four systems, a total of one hundred and eight tests were conducted.  
Table 4-4 Oxygen Permeation Constant Values for Randomly Oriented FRP 
Laminates 
Type 
Specimens Permeation in mol m2/m3 atm sec 
A B C D 
Permeation Average Permeation Average Permeation Average Permeation Average 
Random 
CFRP 
2.530E-12 4.630E-12 3.961E-09 1.409E-09 5.877E-10 6.767E-10 1.387E-11 3.588E-11 
8.920E-12 + 2.530E-10 + 5.950E-10 + 2.588E-11 + 
2.440E-12 3.716E-12 1.180E-11 2.214E-09 8.475E-10 1.479E-10 6.789E-11 2.836E-11 
Random 
GFRP 
1.189E-11 1.453E-11 1.099E-09 7.300E-10 1.099E-10 4.676E-10 2.080E-10 3.758E-10 
2.575E-11 + 2.980E-10 + 6.940E-10 + 1.048E-10 + 
5.950E-12 1.016E-11 7.930E-10 4.042E-10 5.988E-10 3.134E-10 8.145E-10 3.834E-10 
Note: + in the average value is based on standard deviation 
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Figure 4-4 Experiment and Fitted Data for Glass FRP One Layer of Fiber 
 
Figure 4-5 Experiment and Fitted Data for Glass FRP Two Layers of Fiber 
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As noted earlier, the permeation constants reported in Tables 4-3 and 4-4 
were obtained from a quasi-steady state model. Typical plots showing the 
variation in partial pressure (atm.) inside the chamber with time (seconds) are 
shown in Figures 4-4 to 4-5 for one layer and two layer laminates. Though data 
was recorded continuously for 24 hours only 5-6 hours of data was necessary to 
obtain the permeation constant as shown in these figures. The dotted line 
corresponds to the fitted data obtained from the model used to extract the 
permeation constant. Despite some noise in the data, there is good agreement 
between the experimental and the fitted data from the model. 
 Results reported in Tables 4-3 and 4-4 show some variation in the values 
of the permeation constant that is characteristic of such measurements and 
accounts for unavoidable variations in the laboratory environment while the test 
was in progress. However, in this case, they also incorporate the random effects 
of workmanship since not all the 108 specimens tested were made at the same 
time.  
Table 4-3 shows that in general, permeation constants for epoxies are 
lower than that for the FRP laminates. Very limited data is available on the 
diffusion constant of FRPs; however, the values for unidirectional CFRP laminates 
obtained from this study are comparable to that reported by Collins et al. 2005. 
In their study, optical microscopy was used and the diffusion constant reported 
as 2.1 x 10-10 m2/s. This converts to 3.7 x 10-11 mol.m2/m3.atm.sec, Bird 2002.  
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It may be seen from Table 4-3 that permeability constants tend to be 
smaller for one layer systems regardless of whether they are carbon or glass 
(~10-12). Typically, there is an order of magnitude difference between single and 
two layer laminates (~10-11). This difference is best illustrated in Figure 4-6 in 
which normalized results are plotted in bar diagram form. The normalization is 
relative to the respective average epoxy value. Inspection of Figure 4-6 shows 
that though there are instances where FRP has a lower permeability constant 
than the epoxy, e.g. System B one layer unidirectional CFRP, in most cases, 
permeability is considerably higher. In some instances there is an order of 
magnitude difference in the results, e.g. systems C, D for 2-layer unidirectional 
CFRP.  
 
Figure 4-6 Comparison of Normalized Permeation Constant 
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Figure 4-7 plots the corresponding normalized results for the specimens 
with randomly oriented chopped fibers. Again, the normalization is with respect 
to the average oxygen permeation value for epoxy. It may be seen that system A 
gave good results for both CFRP and GFRP and system D gave good results for 
CFRP. The results for the remaining systems were significantly poorer. 
 
 
Figure 4-7 Comparison of Normalized Permeation Constant for Random 
Laminates 
 
4.13 Discussion 
 The results clearly indicate that oxygen permeability is a function of fiber 
architecture. Results for laminates with randomly oriented chopped fibers were 
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much poorer than those for unidirectional or bidirectional lay-up as expected. 
However, the finding that single layer laminates were less permeable than two 
layer laminates was puzzling. Interestingly, this finding supports experimental 
results presented earlier by researchers, e.g. Debaiky et al. 2002, Wootton et al. 
2003, and Suh et al. 2007. 
Table 4-5 Void Ratios in CFRP Laminates  
Layers Td
1 in % 
(gr/cm3) 
Md2 in % 
(gr/cm3) Void Ratio Average 
1 Layer 
1.1446 1.1336 0.97% 
1.22% 1.086 1.0723 1.26% 
1.0917 1.076 1.44% 
2 Layers 
1.0746 1.06 1.36% 
1.94% 1.1643 1.1391 2.16% 
1.1338 1.108 2.28% 
1Theoretical composite density, 2Measured composite density 
To understand these results, the void content of selected 1-layer and 2-
layer specimens was determined. Available facilities to determine void content in 
accordance with ASTM D2584/D2734 limited testing to CFRP specimens. The 
results of tests on six representative 1-layer and 2-layer CFRP specimens are 
summarized in Table 4-5. This table contains values of the measured (Md) and 
the theoretical composite (Td) densities that are used in the calculation of the 
void ratio in accordance to ASTM D2734. Inspection of Table 4-5 shows that the 
average void content in the 1-layer specimen was 1.22% versus 1.94% for the 
two layer specimens. The higher void content in the 2-layer specimen explains 
why its oxygen permeation constant value was higher.  
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It should be noted, however, that the experimentally obtained void 
content is very small. In field applications, the void content will be much higher 
and vary between 3-5% because of the unevenness of the bonding surface that 
make it more difficult to expel air bubbles using rollers. In such cases, only 
mechanical methods, e.g. vacuum can remove the air bubbles.  
The main difference between 1-layer and 2-layer systems is the interface 
between the two layers. Whereas, the surface of a single layer permits air 
bubbles to directly dissipate in the air, this is less possible where two layers are 
present. In this case, air bubbles can be trapped at the interface.  
To test this hypothesis, the micro-structure of selected specimens was 
examined using a Focus Ion Beam (FIB) in Scanning Electron Micrograph (SEM) 
mode. The samples for examination were prepared by cutting the test specimens 
using a diamond saw in directions perpendicular to the fiber. For specimens with 
randomly oriented fibers, no special attention was paid to the direction of the 
cut. The test specimens were then mounted in the FIB SEM machine and images 
at various magnifications viewed. A selected number of these images were 
saved.  
Figures 4-8 to 4-11 show typical micrographs obtained for the glass fiber 
laminates (similar micrographs were also obtained for the carbon & laminates are 
shown in Appendix III & IV). These were taken at relatively low magnifications 
so that layers and voids could be clearly seen. It should be emphasized that the 
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micrographs focus on a very small localized region and it took considerable 
amount of time and effort to detect the voids.  
 
Figure 4-8 SEM Micrograph One Layer GFRP Specimen 
Figure 4-8 is the micrograph for a single layer unidirectional laminate 
while Figure 4-9 is for a two layer unidirectional laminate for the same system. 
Comparison of the two micrographs shows that in the two layer laminate, there 
is an elongated void separating the two layers. Similar large voids are present 
between the two layers in the 0/90 bidirectional configuration shown in Figure 4-
10. Large voids are also present in the micrograph for the specimen with 
randomly oriented fibers in Figure 4-11. 
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Figure 4-9 SEM Micrograph Two Layers GFRP Specimen 
 
Figure 4-10 SEM Micrograph Bidirectional GFRP Specimen 
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Figure 4-11 SEM Micrograph Random GFRP Specimen 
These micrographs are consistent with the void content summarized in 
Table 4-4 to 4-5 and corroborate the findings from the experimental study. 
Poorer performance of the two-layer laminates can be attributed to the presence 
of inter-layer voids that are inevitable in specimen prepared using manual wet 
lay-up. Their magnitude will depend on factors such as the weave of the fabric; if 
the interface is smooth, fewer voids can be expected. Alternatively, if techniques 
such as pressure or vacuum bagging are used in fabrication,  Aguilar et al. 2009 
fewer voids can be expected.  
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4.14 Summary and Conclusions 
This chapter describes the application of a new test method that was used 
to determine the oxygen permeation constants of FRP materials. In the study, 
four different commercially available FRP systems were investigated and four 
different fiber configurations investigated. Both carbon and glass were evaluated 
and standard wet lay-up procedures used to make the test samples. The 
permeation constants were extracted from the experimental data using a quasi-
steady state model, Khoe et al. 2010 that had previously been calibrated against 
published data.  
This chapter describes the application of a new test method that was used 
to determine the oxygen permeation constants of FRP materials. In the study, 
four different commercially available FRP systems were investigated and four 
different fiber configurations investigated. Both carbon and glass were evaluated 
and standard wet lay-up procedures used to make the test samples. The 
permeation constants were extracted from the experimental data using a quasi-
steady state model, Khoe et al. 2010 that had previously been calibrated against 
published data.  
The following conclusions can be drawn: 
1. The oxygen permeation constants of four different commercially available 
carbon and glass fiber laminates (Figure 4-2) were comparable but were 
generally somewhat poorer than the epoxy used in their fabrication (Table 
4-3).  
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2. The oxygen permeation constant of the FRP laminates was found to be 
dependent on fiber architecture. Single layer laminates were less 
permeable than two layer systems (Table 4-3, Figure 4-6). Laminates 
fabricated using randomly oriented chopped fibers (Figure 4-3) were the 
most permeable (Table 4-4). 
3. Scanning electron micrographs indicate that poorer results in two-layer 
unidirectional and one layer bidirectional laminates were a consequence of 
inter-layer voids (Figures 4-8 to 4-11). This result clarifies experimental 
results reported by researchers, e.g. Debaiky et al. 2002, Wootton et al. 
2003.   
4. The oxygen permeation constants have positive, non-zero values. For this 
reason, FRP can slow down but cannot stop corrosion of steel in concrete. 
This confirms findings from numerous laboratory tests. 
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Chapter 5 – Oxygen Permeability of FRP-Concrete Repair Systems 
 
5.1 Introduction 
Conventional chip and patch repair of corrosion-damaged reinforced 
concrete elements has a very poor track record. For example, the Florida 
Department of Transportation reported that only 2% of “good” repairs on 47 
bridge piers lasted more than three years (Kessler et al. 2006). This dismal 
performance has made highway authorities more open to considering alternative 
repair materials and systems such as fiber reinforced polymers (FRP). 
FRP serves as a barrier to the ingress of deleterious materials such as 
chlorides, moisture and oxygen responsible for electro-chemical corrosion of steel 
in concrete. Therefore, its performance in corrosion repair depends on the extent 
to which it stops the passage of these materials. Since oxygen molecules are 
smaller and can diffuse faster, its role in controlling the rate of corrosion of steel 
in concrete is the most critical.  
Oxygen diffusion through concrete has been studied, e.g. Lawrence 1984, 
Gjorv et al. 1986, Kobayashi and Shuttoh 1991, Tittarelli 2009. However, similar 
information for FRP-concrete systems is unavailable. The authors recently 
reported results on the oxygen permeation of epoxies, Khoe et al. 2010 and FRP 
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laminates, Khoe et al. 2011a. This chapter presents experimental results for 
oxygen permeation of concrete and FRP-concrete systems. Although the test 
setup used earlier was retained, some important changes were necessary in both 
specimen preparation and the testing protocol. Additionally, to allow the results 
to be applied, a theoretical model was developed to determine an “equivalent 
thickness” of FRP-concrete systems for use in design, Chapter 6. These 
developments are described in this chapter. 
 
5.2 Scope 
The overall goal of the study was to obtain experimental data that could 
be used to optimize the design of FRP-concrete systems used for corrosion 
repair. This required separate measurement of oxygen permeation of concrete 
and FRP-concrete systems. Three different water-cementitious ratios were 
evaluated and FRP-concrete specimens prepared using CFRP and GFRP in single 
and two-layer configuration. Additionally, the performance of the epoxies used in 
these FRP-concrete systems was also determined for comparison. A theoretical 
model was developed to determine the equivalent thickness of FRP-concrete 
systems. 
 
5.3 Background 
Fick’s law served as the basis of the experimental set up. According to this 
law, if the oxygen concentrations on two parallel faces separated by a thickness 
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h are C1 and C2, the steady state flux F passing through the material (cc/s or 
in3/min) is related to the diffusion constant D (units cm2/sec. or in2/ sec.) by 
Equation 5-1 as : 
 
h
)CC(
D
dx
dC
DF 21

        
(5-1) 
If the thickness, h, the concentrations C1 and C2 and F were known, the 
diffusion constant D can be directly determined from Equation 5-1. However, for 
our study it is easier to measure partial pressures p1 and p2 than concentrations. 
Equation 5-2 gives the relationship between the partial pressures, flux and the 
permeability constant, P as: 
h
)pp(
PF 21
          (5-2) 
Unlike the diffusion constant D, there is some variation in the units and 
even the definition of P, Crank 1968. In this chapter, P is defined in units of 
mol.m2/m3.atm.sec. (mol.ft2/ft3.atm.sec.). 
The surface concentration of a gas, C, and its vapor pressure p are related 
through the solubility constant S by Henry’s law as: 
C = Sp          (5-3) 
From Equations 5-1 to 5-3, it is seen that the diffusion constant and the 
solubility constant are related by Equation 5-4 as: 
P=DS           (5-4) 
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5.4 Measuring Permeability  
 The measurement of oxygen permeation relies on the development of 
appropriate concentration gradients on the two faces of a test specimen. A 
number of ASTM based methods, ASTM D3985 2005, ASTM F1307 2002 are 
available but these are primarily directed towards measuring oxygen permeability 
of thin materials used by the food packaging industry. In the study, available 
systems, Paul 1965, Trefry 2001 were refined and adapted for materials used in 
infrastructure. More details may be found elsewhere, Khoe et al. 2010.  
 
5.5 Diffusion Cell 
 The diffusion cell developed needed to accommodate specimens of 
different thickness. Since a large numbers of specimens had to be tested, it had 
to be easy to assemble and disassemble yet simple to leak proof.  
 A pair of round, stainless steel plates 12 mm (0.472 in.) thick and 145 mm 
(5.709 in.) outside diameter were used. Eight bolt holes were drilled 
symmetrically along the perimeter in each of these plates. The central part of the 
plates was machined to create an 83 mm (3.27 in.) diameter and 4.5 mm (0.18 
in.) deep recess that constituted the diffusion chamber. The volume of this 
chamber could be reduced by placing appropriately sized metal inserts in the 
opening. 
 The test specimen is positioned between the two 145 mm (5.709 in.) 
diameter stainless plates. Originally, grooves were cut so that O-rings could be 
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used to make it airtight as had been used previously, Trefry 2001. But this was 
found to be unreliable. The problem was solved by replacing the O-rings by 3 
mm (0.12 in.) thick red rubber gaskets, a solution recommended over 40 years 
ago, Paul 1965. 
 
Figure 5-1 Diffusion Cell for Testing FRP-Concrete Systems 
 The diffusion cell is assembled by bolting the two stainless steel plates 
together using eight stainless steel bolts, nuts and washers. A special, calibrated 
digital torque wrench was used to ensure uniformity in the applied force. As the 
length of the bolts can be varied, it provides a simple yet effective means for 
testing samples of different thicknesses.  
 The cell is assembled in air one surface of the specimen has the same 
oxygen concentration as air (20.7% of oxygen). The other surface was exposed 
to 100% concentration oxygen at the rate of 100 standard cubic centimeters per 
Air
100% UHP O2 
Top Sensor
Red Rubber 
Gasket 0.12 
in. (3 mm) 
thick
Stainless 
Steel: 5.709 
in. (145 mm) 
OD, 3.268 in. 
(83 mm) ID 
indent
Custom threaded bold
Liquid Teflon typ.
Inlet,
apply 5 atm pressure
Closed Outlet
0.472 in. 
(12 m) typ.
Concrete specimen
4 in. (101.6 mm) in diameter 
Epoxy/FRPAluminum  foil
Closed Outlet
Pressure gage
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minute (SCCM). This required threaded inlet and outlet openings in the bottom 
plate that were fabricated as shown in Figure 5-1. These connections were made 
leak proof by using liquid threaded seal Teflon in conjunction with a Swagelok 
male connector.  
Two galvanic cell type oxygen sensors, Figaro 2004 50 mm x 23 mm dia. 
(2 in. x 0.9 in.) were used to monitor the oxygen concentration at the top and 
bottom of the diffusion cell. The connections to both sensors were also made 
leak proof using specially fabricated threaded openings and liquid threaded seal 
Teflon. Each sensor was individually calibrated against certified oxygen 
concentration levels. The sensors were connected to an Agilent 34970A data 
acquisition system for the data to be recorded and stored at a desired scan rate. 
This was retrieved later for subsequent analysis. A data acquisition switch unit 
with two multiplexers attached to 16 channels and 20 channels was used. 
Temperature data was recorded simultaneously. 
 The oxygen concentrations measured by the sensors rely on electro-
chemical reactions with oxygen molecules. As a result, some oxygen is consumed 
during the testing. Data had to be corrected to account for this consumption as 
described in Khoe et al. 2010.  
 Unlike the epoxy and FRP laminates tested earlier, FRP-concrete systems 
are significantly more rigid. Therefore, advantage was taken of this rigidity to 
increase the concentration gradient by applying an initial pressure of 5 atm. The 
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increased gradient led to a reduction in the time required for specimens to attain 
steady state conditions. 
Table 5-1 Concrete Mix Design (FDOT 2010) 
Property Concrete 
Concrete type I II III 
w/c ratio 0.4 0.45 0.5 
Unit weight (kg/m3) 2,287 2,268 2,268 
PC volume (%) 11% 10% 10% 
Aggregate volume (%) 55% 55% 49% 
Cementitious content 
(kg/m3) 
430 406 380 
Strength 28 days (MPa) 54.8 49.2 35.7 
Slump (cm) 15 15 15 
 
5.6 Experimental Program 
To meet the goals of this research project, it was necessary to test 
concrete and FRP-concrete specimens made using the same concrete. Three 
representative concrete mixes having water-cementitious ratios of 0.4, 0.45 and 
0.50 were evaluated, FDOT 2010. These water-cementitious ratios also permitted 
experimental results to be compared against published data, Lawrence 1984, 
Tittarelli 2009. The cementitious content varied from 380 to 430 kg/m3 and the 
measured compressive strength from 35.7 to 54.8 MPa. Details are summarized 
in Table 5-1. Scanning Electron Micrograph (SEM) for these concrete mixes is 
shown in Appendix V. 
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Type FRP-Concrete Layout Remarks 
1 Concrete only 
 
Circular plain 
concrete 
2 Epoxy-concrete 
 
 Circular plain 
concrete with epoxy 
at the top 
3 
FRP-concrete 
one layer 
unidirectional
 
 Circular plain 
concrete with one 
layer unidirectional 
FRP at the top 
4 
FRP-concrete  
two layer 
unidirectional
 
 
 
Circular plain 
concrete with two 
layer unidirectional 
FRP at the top 
 
Figure 5-2 Concrete, Epoxy-Concrete and FRP-Concrete Specimen 
Two commercially available FRP systems identified in this chapter as 
systems A and B were used. For each system, both carbon and fiberglass were 
tested using two alternative configurations, identified as Types 3-4 in Figure 5-2. 
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Additionally, epoxy-concrete specimens were tested in which the same epoxy 
used for fabricating the FRP laminates was used (Type 2). 
Table 5-2 Epoxy Details (Fyfe Co 2003, BASF 2007) 
Property A B 
Density (kg/m3) 1,600 983 
Flexural strength (MPa) 55.2 138 
Viscosity, cps 14,000-18,000 1600 
Mixing time, min. 5 3 
Mixer speed, rpm 400-600 600 
Color Gray Blue 
Full cure time, days 7 7 
 
Table 5-3 FRP Fabric Properties (Fyfe Co 2003, BASF 2007) 
Property A B 
Fiber type Carbon Glass Carbon Glass 
Fiber orientation 0o 0o 0o 0o 
Fiber density (g/cm3) 1.74 2.55 1.7 2.6 
Areal weight  (g/m2) 644 915 300 900 
Fabric width (mm) 610 1,373 500 610 
Nominal thickness (mm/ply) 1 0.36 0.165 0.373 
Tensile strength (MPa) 3,790 3.24 4,950 1,517 
Tensile modulus (GPa) 230 72.4 227 72.4 
Elongation (%) 1.00% 4.50% 1.67% 2.10%
 
Material, physical and mechanical properties of the two FRP systems as 
provided by the manufacturers are summarized in Tables 5-2 to 5-3. Table 5-2 
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provides information on the epoxy resin including viscosity, mixing/ cure time. 
Table 5-3 summarizes the properties of the fibers for the two FRP systems. 
 
5.6.1 Concrete Specimen – Type 1 
  Concrete was cast in 10 cm x 30 cm (4 inch diameter x 12 in.) high PVC 
molds. Following curing, the cylinders were cut into discs approximately 25 mm 
(1 in.) thick using a diamond blade (Figure 5-3). All tests were conducted using 
the 25 mm (1 in.) thick specimens since previous research had shown that 
concrete’s diffusion constant was relatively insensitive to thickness (Gjorv et al. 
1986). 
 
Figure 5-3 Concrete Specimen  
 The concrete specimens were placed in a vacuum chamber for 24 hour 
conditioning following ASTM F710 2008. Subsequently, their thickness was 
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measured and the specimen numbered along the circumference. The top and 
bottom surfaces were cleaned with acetone prior to testing. 
 
5.6.2 Epoxy-Concrete – Type 2 
 Epoxy resin was first prepared in accordance with the manufacturer’s 
recommendations and placed in a vacuum chamber for 30 minutes to remove air 
bubbles. Pristine polythene sheets approximately 45 cm x 45 cm (18” x 18”) 
were placed on a flat surface and sufficient epoxy deposited to make nine 10 cm 
(4 in.) diameter specimens. The concrete specimens were then carefully laid on 
the epoxy to ensure that the circular contact surface was completely covered by 
epoxy. The test specimens were obtained after 8-10 hours of curing by carefully 
trimming any protruding epoxy resin around the circular edges. The specimens 
were numbered and their thickness measured. The average thickness of the 
epoxy layer was determined by subtracting the known thickness of the concrete 
specimen from the total thickness.  
 
5.6.3 FRP-Concrete – Types 3-4 
The procedure used for making FRP-concrete specimens was similar to 
that for the epoxy-concrete specimen. As before, a pristine polythene sheet was 
placed on a flat surface. However, in this case rectangular 10 cm x 30 cm fiber 
strips (1 or 2 layer) were first saturated with epoxy and a steel roller used to 
remove excess resin and air bubbles. The concrete specimens were then 
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carefully placed on top of the resin saturated FRP (Figure 5-4). Circular 
specimens were obtained after 8-10 hours of curing by carefully trimming around 
the circular concrete edge. At that time, the resin was rubbery and did not crack 
(Figure 5-5). This method allowed three specimens to be made at a time. The 
approach was faster and yielded specimens that were more representative of 
wet layup used in field applications.  
 
Figure 5-4 FRP-Concrete Specimen Preparation 
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Figure 5-5 FRP-Concrete Specimen 
 
5.7 Test Details 
All tests were conducted after the concrete had fully cured. Where epoxy 
or FRP material was bonded to the concrete surface (Types 2-4 in Figure 5-2) 
tests were only conducted after the resin had cured for the time recommended 
by the manufacturer (Table 5-2).  
In the testing, the specimen was carefully centered over the opening in 
the bottom plate of the diffusion cell and placed on a rubber gasket (Figure 5-1). 
The upper rubber gasket was then placed over it. The two parts of the cell were 
now assembled using bolts, nuts and washers that were symmetrically tightened 
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to a specified torque of 10.2 N-m using a digital torque wrench. This operation is 
crucially important for preventing leaks from developing. 
Oxygen concentrations on both faces of the test specimen were monitored 
throughout. One face was subjected to ultra high purity (100%) oxygen under 5 
atm pressures while the other face was exposed to air (1 atm pressure). To 
ensure steady state conditions, oxygen was pressurized constantly for 24 hours 
using a flow rate of 100 SCCM.  
To verify that there were no leaks two diffusion cells were tested at a time 
- one containing the FRP-concrete or epoxy-concrete test specimen (Type 2-4 in 
Figure 5-2) and the other a control containing an impermeable concrete-steel 
insert. Three layers of aluminum foil tape were used to cover the exposed 
circumference of the test specimen to prevent diffusion through the sides as 
shown in Figure 5-1. 
The top sensor reading in Figure 5-6 corresponding to the surface of the 
stainless steel specimen exposed to air showed a decrease over time since no 
oxygen permeated through the steel. This decrease was due to oxygen 
consumed by the sensor in that chamber. In contrast, the same sensor showed 
increases over time for the FRP-concrete specimen. This increase offset the 
oxygen consumed by the sensor and was due to diffusion of oxygen through the 
FRP. Any departures from this response would indicate leaks in the system. 
The transport of gases is very sensitive to temperature. Minor fluctuations 
in temperature caused by opening of doors, movement of personnel, changes in 
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air-conditioning can lead to poor results. Therefore, particular attention was paid 
to minimize such effects by enclosing the diffusion cells inside an insulated box. 
Readings were recorded every minute and a typical test ran for 24 hours. 
 
Figure 5-6 Diffusion Test Set Up for FRP-Concrete Systems 
  
5.8 Corrected Data   
 Data was corrected for oxygen consumption as discussed earlier. Since 
the oxygen consumed by the sensor would otherwise have been present, it must 
be added to the raw data. The correction is greater at higher oxygen 
concentrations, Khoe et al. 2010. 
  
+ ‐
XX
O2 Gas Tank PC
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FRP‐Concrete 
Diffusion Cell+ ‐
Control 
Diffusion Cell
Stainless Steel
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Figure 5-7 Experiment and Fitted Data for Concrete with w/c 0.40 
 
5.9 Results 
 The results from the tests are summarized in Tables 5-4 to 5-6. Each 
result corresponds to tests on three different specimens. A total of 99 specimens 
were tested overall.  
Table 5-4 contains results for concrete specimens (Type 1) with three 
different water-cementitious ratios of 0.4, 0.45 and 0.5. Table 5-5 summarizes 
results for the corresponding epoxy-concrete specimens (Type 2) for epoxies A 
and B. The epoxies A and B correspond to the those used for making the FRP-
concrete systems. 
Table 5-6 summarizes results for the FRP-concrete systems (Type 3-4) for 
carbon and glass. Uni-directional, one layer and two layer configurations were 
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tested (Figure 5-2). Results show characteristic variation associated with 
unavoidable changes in the laboratory environment while the test was in 
progress. They also reflect the random effects of workmanship since not all the 
test specimen were made at the same time. 
 
Figure 5-8 Experiment and Fitted Data for Epoxy-Concrete System B 
 The permeation constant reported in Tables 5-4 to 5-6 was obtained from 
a quasi-steady state model, Khoe et al. 2010. The initial partial pressure was 
taken as 5 atm pressure to reflect the pressure used in the testing. Typical plots 
showing the variation in partial pressure (atm.) inside the chamber with time 
(seconds) are shown in Figures 5-7 to 5-10 for concrete only, epoxy-concrete, 
and FRP-concrete one layer and two layer configuration respectively.  
Though data was recorded continuously for 24 hours only 5-6 hours of 
data was necessary to obtain the permeation constant as shown in these figures. 
In the plots the dotted line corresponds to the fitted data obtained from the 
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model used to extract the permeation constant. Despite some noise in the data, 
there is generally good agreement between the experimental and the fitted data 
from the model. 
 
Figure 5-9 Experiment and Fitted Data for CFRP-Concrete One Layer System B 
 
Figure 5-10 Experiment and Fitted Data for CFRP-Concrete Two Layer System B 
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5.9.1 Concrete  
Table 5-4 presents the permeation constants for three different water-
cementitious ratios of 0.4, 0.45 and 0.5. Inspection of this table shows that the 
permeation constant varies directly with the water-cementitious ratio. The values 
increase by approximately one order of magnitude (10-1) as the water-cement 
ratio increases by 0.05. Thus, the permeation constant for concrete with a water-
cementitious ratio of 0.5 (average 4.11 x 10-7) is one orders of magnitude larger 
than that of the concrete with a water-cementitious ratio of 0.45 (average 4.48 x 
10-8). Similar trends were also reported by Gjorv et al. 1986 and Khan 2003 
though their tests evaluated diffusion rates for dissolved oxygen corresponding 
to submerged applications. 
Table 5-4 Oxygen Permeation Constant for Concrete with Different w/c Ratios 
Type of 
Specimens 
P in mol.m2/m3.atm.sec
0.40 w/c 0.45 w/c 0.50 w/c
Result Average Result Average Result Average
Concrete 
4.65E-09 4.79E-09 5.95E-08 4.48E-08 2.51E-07 4.11E-07
4.56E-09 + 4.52E-08 + 3.98E-07 +
5.15E-09 3.18E-10 2.97E-08 1.49E-08 5.84E-07 1.67E-07
 
5.9.2 Comparison with Published Values 
 The average oxygen permeability constant values in Table 5-4 are in 
broad agreement with the limited information available in the literature. 
Lawrence 1984 reported that the oxygen diffusion constant for concrete with a 
w/c ratio of 0.45 as 62 mm3/s. The corresponding permeability constant is 
determined from Equation 5-4 using the solubility constant, Crank 1975. From 
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the calculated value of the solubility constant the corresponding permeation 
constant is 1.1 x 10-8 mol.m2/m3.atm.sec. compared to 4.48 x 10-8 
mol.m2/m3.atm.sec. obtained in this study. More recently, Tittarelli 2009 
obtained the oxygen diffusion constant using a completely different electro-
chemical potentio-static technique. He reported a diffusion constant for concrete 
with a w/c ratio of 0.45 as 7.7 x 10-6 cm2/s that corresponds to a permeation 
constant of 1.1x10-9 mol.m2/m3.atm.sec. This is smaller than the 4.48 x 10-8 
value obtained from this study. Experimental results cannot agree exactly 
because of differences in material composition, specimen preparation, moisture 
content, and environmental conditions, e.g. temperature, humidity. 
Table 5-5 Oxygen Permeation Constant for Epoxy-Concrete Systems A & B in 
mol.m2/m3.atm.sec 
Type of 
Specimens 
Concrete
0.4 w/c 0.45 w/c 0.50 w/c
Result Average Result Average Result Average
Epoxy-Concrete  
System A 
1.23E-11 1.03E-11 1.50E-11 1.79E-11 1.08E-11 1.82E-11
9.84E-12 + 1.99E-11 + 1.29E-11 +
8.90E-12 1.76E-12 1.88E-11 2.57E-12 3.10E-11 1.11E-11
Epoxy-Concrete 
Epoxy system B 
1.10E-11 4.23E-11 2.10E-11 3.19E-11 1.11E-11 1.57E-11
4.25E-11 + 5.92E-11 + 1.50E-11 +
7.33E-11 3.11E-11 1.55E-11 2.38E-11 2.10E-11 4.99E-12
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Table 5-6 Oxygen Permeation Constant for FRP-Concrete Systems A & B in mol.m2/m3.atm.sec 
Type of 
Specimens 
Concrete 
0.40 w/c 0.45 w/c 0.50 w/c 
FRP type A FRP type B FRP type A FRP type B FRP type A FRP type B 
Result Average Result Average Result Average Result Average Result Average Result Average 
CFRP-Concrete 
Uni 1 Layer 
2.86E-11 2.85E-11 2.97E-11 2.71E-11 7.30E-11 6.85E-11 4.06E-11 4.79E-11 9.91E-12 1.54E-11 9.19E-12 2.30E-11 
3.87E-11 + 1.49E-11 + 6.45E-11 + 3.37E-11 + 2.54E-11 + 3.97E-11 + 
1.81E-11 1.03E-11 3.66E-11 1.11E-11 6.80E-11 4.27E-12 6.93E-11 1.89E-11 1.08E-11 8.69E-12 2.01E-11 1.55E-11 
CFRP-Concrete 
Uni 2 Layers 
5.58E-11 4.57E-11 6.94E-11 6.51E-11 9.09E-10 6.10E-10 8.88E-11 1.11E-10 3.39E-11 4.92E-11 9.01E-11 5.28E-11 
4.55E-11 + 6.49E-11 + 7.93E-10 + 9.54E-11 + 5.17E-11 + 1.29E-11 + 
3.59E-11 9.95E-12 6.09E-11 4.25E-12 1.29E-10 4.21E-10 1.50E-10 3.36E-11 6.19E-11 1.42E-11 5.55E-11 3.87E-11 
GFRP-Concrete 
Uni 1 Layer 
1.88E-11 2.23E-11 3.50E-11 3.47E-11 4.56E-11 5.19E-11 3.86E-11 3.53E-11 2.08E-11 2.58E-11 3.14E-11 3.72E-11 
2.81E-11 + 4.10E-11 + 5.97E-11 + 3.17E-11 + 1.80E-11 + 3.16E-11 + 
1.99E-11 5.08E-12 2.80E-11 6.51E-12 5.03E-11 7.18E-12 3.55E-11 3.47E-12 3.87E-11 1.12E-11 4.87E-11 9.93E-12 
GFRP-Concrete 
Uni 2 Layers 
6.72E-11 7.01E-11 7.50E-11 6.73E-11 1.01E-10 1.46E-10 1.50E-10 1.53E-10 2.77E-11 2.86E-11 5.58E-11 6.57E-11 
7.87E-11 + 5.81E-11 + 1.50E-10 + 2.10E-10 + 1.93E-11 + 7.68E-11 + 
6.44E-11 7.59E-12 6.87E-11 8.54E-12 1.88E-10 4.36E-11 9.85E-11 5.57E-11 3.87E-11 9.73E-12 6.45E-11 1.06E-11 
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5.9.3 Epoxy-Concrete 
The oxygen permeation constants for the 18 epoxy-concrete specimens 
are summarized in Table 5-5. Inspection of this table shows that the values for 
the two different epoxies are comparable. The permeability constant is of the 
order of 10-11 mol.m2/m3.atm.sec. These values are higher than that for neat 
epoxies, Khoe et al. 2010 and reflects the difficulty of eliminating air voids when 
epoxy is applied to a concrete surface. 
 
5.9.4 FRP-Concrete 
The oxygen permeation constants for 72 FRP-concrete specimens tested 
are summarized in Table 5-6. This contain contains results for unidirectional fiber 
orientations for one/two layer carbon and glass (Types 3 and 4 in Figure 5-2) 
systems. Inspection of Table 5-6 shows that the results for carbon and glass are 
comparable. The permeation constants are somewhat larger for two layer 
systems in some instances (w/c ratio = 0.45). This may be because air voids in 
two layer systems tend to be bigger as found from scanning electron 
micrographs, Khoe et al. 2011a. Moreover, since the time taken for oxygen to 
diffuse is greater for thicker specimen, environmental disturbance may affect the 
data, e.g. data fluctuations in Figure 5-10. 
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5.10 Discussion 
 The oxygen permeation constants obtained from this study can be used to 
predict corrosion rates of repaired FRP-concrete specimens. Where the concrete 
is significantly more permeable than the FRP, the thickness of the concrete can 
be disregarded in the calculations, Khoe et al. 2010. However, the test results 
show that there can be cases where the permeation values for concrete and FRP 
are closer, e.g. Table 5-4 w/c = 0.45 (4.48 x 10-8 average concrete value) and 
Table 5-6 for GFRP 2-layer (1.46 x 10-10 average value). In this context it is 
helpful to determine an “equivalent thickness” of multi-layer systems that can be 
used for designing appropriate FRP repair. 
 
5.10.1 Equivalent Thickness for FRP-Concrete Systems 
 FRP-concrete systems can be idealized as different materials having 
known permeation properties bonded at an interface whose permeation 
characteristics are unknown. Tests have shown that the permeation 
characteristics of FRP laminates (Khoe et al. 2011a) and those for FRP-concrete 
systems (reported in Table 5-6) are comparable. This suggests that the 
interfacial resistance is negligible, and the FRP-concrete system can be idealized 
as a two-layer system, as shown in Figure 5-11. 
A simplified quasi-steady state, one dimensional diffusion model of the 
FRP-concrete system is developed to determine an equivalent thickness for 
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multi-layer systems. This can be used to assess alternate FRP-concrete systems 
and optimize the repair. 
A schematic of the idealized FRP-concrete system is shown in Figure 5-11. 
In this figure, a FRP laminate of thickness XA with an oxygen permeation 
constant PA is bonded to a concrete specimen of thickness XB with a permeation 
constant PB. The partial pressures at the two external faces are p1 and p3 as 
shown. The oxygen permeabilities PA, PB, the thicknesses XA and XB and the 
partial pressures p1 and p3 are known from experimental results. 
 
Figure 5-11 Diffusion Model for FRP-Concrete Specimen 
Under steady state conditions, the flux, F, is constant and has to be the 
same in each layer. Fick’s equation for each layer can be approximated as: 
 ܨ ൌ ௉ಲ∆௑ಲ∙ோ் ሺ݌ଵ െ ݌ଶሻ ൌ
௉ಳ
∆௑ಳ∙ோ் ሺ݌ଶ െ ݌ଷሻ      (5-5) 
where R is universal gas constant and T the temperature in degrees Kelvin. 
p1 p2
p3PA PB
FRP Concrete
Flux
XA XB
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The change in the partial pressures in the two materials is obtained from 
Equation 5-5 and is given by Equation 5-6 as: 
݌ଵ െ ݌ଶ ൌ ܨ ∆௑ಲ∙ோ்௉ಲ 									݌ଶ െ ݌ଷ ൌ ܨ
∆௑ಳ∙ோ்
௉ಳ 	      (5-6)  
By adding the equations for p1-p2 and p2-p3 in Equation 5-6, the unknown interval 
partial pressure p2 can be eliminated and the final equation arranged as 
݌ଵ െ ݌ଷ ൌ ܨ ቀ∆௑ಲ∙ோ்௉ಲ ൅
∆௑ಳ∙ோ்
௉ಳ ቁ ൌ 	ܨሺܴ஺ ൅ ܴ஻ሻ     (5-7) 
where the first two terms are replaced by resistances  ܴ஺ ൌ 	 ∆௑ಲ∙ோ்௉ಲ 	  andܴ஻ ൌ
	∆௑ಳ∙ோ்௉ಳ . 
 Equation 5-7 can be written in terms of an equivalent thickness DXeqv in 
Equation 5-8 as: 
݌ଵ െ ݌ଷ ൌ 	ܨ	 ∆௑೐೜ೡ∙ோ்௉          (5-8) 
In this equation, P is permeation constant for the multilayer specimen that is 
obtained from experimental results. 
 By combining Equation 5-7 and 5-8, the equivalent thickness equation is 
given by Equation 5-9 as: 
∆௑೐೜ೡ
௉ ൌ 	
∆௑ಲ
௉ಲ ൅
∆௑ಳ
௉ಳ           (5-9) 
 Equation 5-9 allows the oxygen permeation characteristics of FRP-
concrete systems to be represented by a homogeneous system. If the 
permeability of the two materials were identical, the equivalent thickness is the 
sum of the thicknesses of the two materials. This applies to repairs where 
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multiple FRP layers are used. On the other hand, if the permeability differs 
significantly (typical for concrete), the thickness of the more permeable material 
can be disregarded, Khoe et al. 2011b. For values that are in-between, Equation 
5-9 allows the determination of an equivalent thickness that can be used to 
predict the corrosion rate of steel in FRP-repaired concrete specimens as 
illustrated in Chapter 3, Chapter 6 and Appendix VI. 
 
5.11 Summary and Conclusions 
This chapter describes the application of a new test method to determine 
the oxygen permeation constant for concrete, epoxy-concrete and FRP-concrete 
specimens. The concrete tested comprised three different water-cementitious 
ratios of 0.4, 0.45 and 0.50. Two commercially available FRP systems and their 
respective epoxies were tested. Both carbon and glass, unidirectional one and 
two layer, were evaluated and standard wet lay-up procedures used to make the 
test samples. The permeation constants were extracted from the experimental 
data using a quasi-steady state model, Khoe et al. 2010 that had previously been 
calibrated against published data.  
The following conclusions can be drawn: 
1. Concrete only specimens were the most permeable (Table 5-4). The 
oxygen permeation constant was directly related to the water-
cementitious ratio. It increased by one order of magnitude for each 0.05 
increase in the water-cementitious ratio. 
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2. The oxygen permeation constants of epoxy-concrete and FRP-concrete 
specimens were similar (Table 5-5 and 5-6). 
3. The oxygen permeation constants of FRP-concrete systems for two 
different commercially available CFRP and GFRP materials are comparable 
(Table 5-6).  
4. The greatest reduction in oxygen permeation rate was obtained when FRP 
was bonded to concrete with the highest water-cementitious ratio (Table 
5-4 and 5-6). 
5. A simplified model has been developed that can be used to determine the 
equivalent thickness of FRP-concrete systems (Equation 5-9). This can be 
used to investigate the effectiveness of alternate FRP repairs. 
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Chapter 6 – Design of Optimal FRP Corrosion Repair   
 
6.1 Introduction 
 This chapter provides an overview of the results reported in Chapters 3-5 
to illustrate how the findings can be used to optimize FRP repairs. Results are 
shown qualitatively to provide a better appreciation of the relative orders of 
magnitude of the various components that are part of a repair system.  
 For simplicity, average oxygen permeation constants for epoxy, concrete, 
FRP and FRP-concrete systems are summarized and a parametric study 
conducted to identify the most favorable FRP/concrete combinations. A typical 
calculation relating to the parametric study is included in Appendix VI for 
completeness. 
 
6.2 Results 
 Average values from tests reported in Chapters 3-5 are shown in a 
graphical form in Figure 6-1 (concrete) and Figure 6-2 (for epoxy, FRP, and FRP-
concrete systems). The numbers in parentheses in these figures indicate the 
number of results used to obtain the average value.  
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 It may be seen from these figures that the order of magnitude for oxygen 
permeability (in mol. m2/m3.atm.sec.) ranges from 10-7 to 10-9 for concrete to 10-
12 for epoxies. The results for FRP and FRP-concrete systems show more scatter.  
Figure 6-1 Average Oxygen Permeation Constant for Concrete Specimens in mol. 
m2/m3.atm.sec. (Note: 1 mol. m2/m3.atm.sec. = 3.28 mol. ft2/ft3.atm.sec.) 
 
Figure 6-2 Average Oxygen Permeation Constant for Epoxy, FRP, and FRP-
Concrete Specimens in mol. m2/m3.atm.sec. (Note: 1 mol. m2/m3.atm.sec. = 
3.28 mol. ft2/ft3.atm.sec.) 
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6.2.1  Comments on Results 
 It may be seen from Figure 6-2 that the results for two FRP layers are 
inferior to those for single layer systems. SEM studies (Figures 4-8 to 4-11, 
Chapter 4) indicated that more voids were present between the layers in two-
layer specimens. This phenomenon helps to explain anomalous results reported 
in the literature (Paul 1965, Suh et al. 2007) in which the performance of 
multiple FRP layers were sometimes inferior to that compared with fewer layers.  
 In general, the permeability constants for FRP-concrete systems are 
higher than those for FRP. This may be due to fabrication issues though no SEM 
studies were conducted. Nonetheless, the oxygen permeability for FRP-concrete 
systems is notably better compared to concrete.  
 
6.3 Discussion 
 Information on the oxygen permeability constant for concrete, epoxy, 
FRP, and FRP-concrete systems makes it possible to determine relative corrosion 
rates of steel in repairs conducted using different systems. 
 In chloride-induced corrosion, oxidation occurs at the anode (steel) 
producing two electrons and a ferrous ion; simultaneous reduction occurs at the 
cathode producing hydroxyl ions (Bertolini et al. 2004). As a result, one mole of 
oxygen reacts with two moles of iron to form rust. Therefore, if the number of 
moles of oxygen, M, reaching the steel surface is known, the number of moles of 
iron converted to rust is twice this quantity. Using the relationship between 
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molecular weight and moles, the metal loss can then be determined. Knowledge 
of the metal loss allows calculation of the corrosion rate using Faraday’s law. 
 
6.3.1 Equivalent FRP Thickness 
 The thickness of the different materials needs to be accounted for in 
calculations for predicting the post repair corrosion state. The calculations are 
simplified if use is made of an equivalent FRP thickness. As derived in Chapter 5, 
the equivalent FRP thickness for a two layer system, Xeqv, is given by Equation 
6-1 as: 
∆௑೐೜ೡ
௉ ൌ 	
∆௑ಲ
௉ಲ ൅
∆௑ಳ
௉ಳ           (6-1) 
 Equation 6-1 can be used to calculate the equivalent FRP thickness if the 
permeation constants of the constituent materials are known. It also requires 
information on the thicknesses, X・ A and X・ B, of the layers. 
 
6.3.2 Numerical Example 
 Table 6-1 summarizes results used to determine the equivalent FRP 
thickness using Equation 6-1 for FRP-concrete systems that were tested. In the 
tests, the thickness of the FRP was typically 2 mm while that for the concrete 
was 25 mm. In the calculations, the average permeation constant values for FRP 
and concrete were taken from Figures 6-1 and 6-2 respectively and are listed in 
Table 6-1.  Substituting these values the equivalent FRP thickness can be seen to 
vary from 2.0025 mm for w/c ratio of 0.5 to 2.25 mm for w/c ratio of 0.4. Thus, 
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where the permeability of concrete differs from that of FRP by more than one 
order of magnitude, the calculation of an equivalent FRP thickness is not 
warranted. 
Table 6-1 Equivalent FRP Thickness 
w/c ratio PA PB XA (mm) XB (mm) Xeqv (mm) 
0.4 1E-11 1.E-09 2 25 2.25 
0.45 1E-11 1.E-08 2 25 2.025 
0.5 1E-11 1.E-07 2 25 2.0025 
 
6.4 Parametric Study 
 The results presented indicate that the order of magnitude for oxygen 
permeability (in mol.m2/m3.atm.sec) varies from 10-7 to 10-9 for concrete and is 
in the 10-11 range for FRP-concrete systems. In order to draw general 
conclusions, a parametric study was conducted in which the variation in 
corrosion depth/yr in reinforcing steel was calculated. In the study, a concrete 
slab reinforced orthogonally by #13 (#4) bars spaced at 30 cm (12 in.) on 
centers was evaluated. 
 To determine the effect of different concrete/FRP combinations, the 
oxygen permeability constant for concrete was varied from 1 x 10-8 to 1 x 10-9 
corresponding to water cement ratios of 0.45 and 0.4 respectively. Also, since 
test data showed that the oxygen permeability was influenced by fabrication, 
three different oxygen permeabilities reflecting fair (1 x 10-10), good (1 x 10-11) 
and outstanding (1 x 10-12) workmanship were evaluated.  
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Table 6-2 Variation in Corrosion Depth in Steel Reinforcement in Concrete Slab 
 Materials Description Permeation Constant  (mol.m2/m3.atm.sec) 
Corrosion 
Depth  
(cm/yr)
Concrete 0.45 w/c 1.00E-08 1.08E-01
Concrete 0.4 w/c 1.00E-09 9.93E-03
FRP-Concrete Fair 1.00E-10 9.43E-03
FRP-Concrete Good 1.00E-11 9.37E-04
FRP-Concrete Outstanding 1.00E-12 9.36E-05
Note: 1 mol. m2/m3.atm.sec. = 3.28 mol. ft2/ft3.atm.sec., 1 cm/yr = 0.393 in./yr 
 The results of the study are summarized in Table 6-2. For completeness, a 
sample calculation is included in Appendix VI. Table 6-3 shows the corrosion 
depth in a FRP repaired slab is a small fraction of that in the concrete slab alone. 
For example, the corrosion depth in the reinforcing steel is 0.108 cm (0.0425 in.) 
in a concrete slab with a water cement ratio of 0.45. The corresponding depth in 
a FRP repaired slab varied from 9.43 x 10-3 cm to 9.36 x 10-5 cm (3.71 x 10-3 in. 
to 3.68 x 10-5 in.) depending on whether the FRP repair was classified as fair, 
good or outstanding.  
Table 6-3 Comparative Effect of Corrosion Repair 
Materials FRP Repair
Fair Good Outstanding 
Concrete 0.45 w/c 11 115 1,150 
Concrete 0.4 w/c 1 11 106 
 
 The information in Table 6-2 is re-calculated as ratios of the corrosion 
depth in the plain concrete slab vs. that in the corresponding FRP repaired slab. 
This is summarized in Table 6-3. For example, for a combination of “good repair” 
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and a water cement ratio of 0.45, the ratio is 1.08E-01/9.37E-4 = 115. Other 
values are obtained in a similar manner. 
 Table 6-3 shows that the benefits of FRP repair are greater when the 
concrete is more porous and vice versa. Improvement is limited unless the 
oxygen permeability of the FRP is two orders of magnitude smaller than the 
concrete.  
 This simplified analysis is intended to illustrate the use of information 
relating to the oxygen permeation constant for designing durable FRP repairs. It 
assumes that the protective passive layer that forms on steel was destroyed for 
the entire steel area and that there was no cracking. Corrosion is also assumed 
to take place at a constant rate over the entire year. This is an idealized 
condition and disregards the effect of factors such as temperature and humidity 
that significantly modify the corrosion rate. Nonetheless, it provides an approach 
for selecting suitable FRP/concrete combinations and making the FRP repairs 
more durable. 
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Chapter 7 – Contributions and Recommendations 
 
7.1 Introduction 
This is the first study to measure the oxygen permeation characteristics of 
FRP used in infrastructure repair. The results presented in Chapters 2-6 are new 
and provide many insights on seemingly anomalous findings reported by 
researchers. The intent of this chapter is not to reproduce the conclusions listed 
earlier but rather to highlight notable contributions from this study. These are 
listed in Section 7.2. The techniques developed in this research can be applied to 
solve other problems. Suggestions on follow-up research are presented in 
Section 7.3. 
 
7.2  Contributions 
1. The most significant contribution is the development of a robust, versatile 
method to characterize oxygen permeation of a wide variety of materials 
ranging from 0.5 mm polymer films to FRP-concrete systems. The volume 
of the chamber can be reduced using appropriate inserts and thereby 
expedite testing. Development covered techniques for making specimens, 
theoretical modeling and sensor calibration.  
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2. Concept of equivalent thickness for multi-layer FRP-concrete repairs. The 
development of a theoretical model to determine equivalent thickness for 
multi-layer specimens allows designers to optimize FRP-concrete repairs.  
3. The results for epoxy, epoxy-concrete, FRP-concrete and wet and dry 
concrete (Appendix VII) are new to the published literature.  
4. Explanation of anomalous results. Several researchers reported that the 
performance of multi-layer FRP laminates was poorer than laminates with 
fewer layers. Scanning electron micrographs demonstrated how wet lay-
up processing led to air being trapped at the interface between layers 
thereby making multi-layer laminates more pervious. 
5. Contributions to design. The application of oxygen permeation constants 
for designing appropriate FRP corrosion repairs is illustrated in the study. 
The results from FRP-concrete systems show that the critical parameter is 
the water-cementitious ratio; the larger this ratio, the more effective the 
FRP repair. 
 
7.3  Recommendations for Future Work 
The following are logical extensions of the study. 
1. Refining the test method. Environmental effects, leakage, sensor 
consumption and specimen thickness made experimentation difficult. 
Improvements can be made to reduce duplication used, e.g. testing a 
control in every test. Similarly, using coulometric sensors that do not 
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consume oxygen simplifies data analysis.  Consideration should be given 
to using clamped rather than bolted connections to expedite assembly and 
disassembly of the diffusion cell.  
2. Multi-layer systems.  The tests can be extended to determine the oxygen 
permeation characteristics of multi-layer systems. In the study, only two 
layer laminates were tested. 
3. Reducing oxygen permeability. By studying the oxygen permeation 
characteristics of different coatings, it will be possible to develop systems 
that can reduce oxygen permeation. This can lead to more durable 
repairs. Similarly, it may be possible to assess the role of marine growth 
on FRP surfaces in tidal zones and determine their role in changing 
permeation characteristics. 
4. Effect of moisture on oxygen permeation. In many applications where FRP 
is used its surface can have a layer of water over it, e.g. in pile repairs in 
the splash zone. Since the solubility of oxygen in water is much lower, this 
will result in lower permeation rates. The experimental procedures 
developed in this study can be readily extended to measure the change in 
the permeation constant in the presence of moisture. 
5. Effect of exposure on permeability. Since the thermal expansion 
characteristics of FRP are different from concrete, outdoor exposure is 
likely to result in deterioration of the matrix. By exposing specimens to 
outdoor environments and then measuring the oxygen permeation 
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constant before and after exposure it will be possible to quantify the role 
of environment on FRP’s performance. 
6. Pressure/Vacuum bagging. FRP-concrete bond is improved when these 
techniques are used. The determination of the oxygen permeation 
constant of specimens that were prepared using these techniques will 
allow quantification of their benefit and encourage adoption by industry.  
7. Application for studying carbon sequestration. The same set up can be 
used to measure diffusion of carbon-dioxide but using different sensors 
(Figure 7-1). This can be used to assess carbon dioxide absorptive 
properties of different materials. 
 
Figure 7-1 Figaro Carbon Dioxide Sensor TGS 4161 
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Appendix I Computer Software MATLAB Program 
The following is a step by step description of the input to the Matlab 
program that was used to extract the permeation constant. 
1. Clear memory and close previous data: 
clear; 
clc; 
pack; 
2. Input data on the diffusion cell for Area, Volume, and thickness (the 
thickness will be changed depend on the thickness of each specimen): 
A=1/4*pi*(3.25*2.54/100)^2; % area in of cell m2 
V=A*(1/8*2.54/100)+.25*pi*(.85/100)^2*(1.1/100); % volume of cell 
(approx. 1.7741E-5 m3) 
h=xx; % xx thickness of specimen in m 
3. Calibrate the data for each sensor: 
calib8=1/(59.79251-0.28971); 
calib2=1/(66.07233-0.24786); 
calib6=1/(64.26306-0.239006); 
4. Input pressure and temperature: 
poutpercent=1.00;% percentage of oxygen outside 
P = 1; % total pressure outside in atm 
po=P*poutpercent; 
pi=10.68432674*calib2; % inside pressure in atm 
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Appendix I (Continued) 
R=8.314e-5; % universal gas constant 
T=298; % temperature in kelvin 
ci0=pi/(R*T); % inside initial concentration 
5. Input the number of trial data (t); all corrected data is placed into 
excel.xls spreadsheet: 
t=1000; 
datad=xlsread('Excel.xls'); 
index=datad(1:t,1); 
timeex=datad(1:t,2); % time of experiment 
t1dat=datad(1:t,3); % test data 
for i=1:t 
pex(i)=t1dat(i)*calib2; % partial pressure of O2 from experiment 
end 
c01=pex(1)/(R*T); 
6. Set trial value of the permeability constant range (perme1 and perme2); 
define number of iteration (permesteps); check the time interval set up 
(tdif): 
perme1=1e-12; % permeability in unit mol m^2/m^3 atm sec; 
perme2=1e-9; % permeability in unit mol m^2/m^3 atm sec; 
permsteps=100; 
permn=(perme2-perme1)/permsteps; 
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Appendix I (Continued) 
perme=[perme1:permn:perme2]; 
tdif=60; % time interval in second 
% timesteps 
for i=1:permsteps 
c1(i,1)=c01; 
pm(i,1)=pex(1); 
for j=2:t 
c1(i,j)=c1(i,j-1)+(perme(i)*(po-pi)/h)*tdif*A/V; % inside 
concentration  
pi=c1(i,j)*(R*T); 
pm(i,j)=pi; 
end 
end 
for i = 1:permsteps 
sumsqerror(i) = 0; 
for j = 1:t 
sumsqerror(i) = sumsqerror(i) + ((pm(i,j) - pex(j))/pex(j))^2; 
ind(i)=i; 
end 
end 
7. Check error and fitted data; plot the figure: 
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Appendix I (Continued) 
[errmin,x] = min(sumsqerror); 
sum_square_of_error=errmin 
Fitted_experimental_permeability=perme(x) 
permex=perme(x); 
for i=1:t 
pfit(i)=pm(x,i); 
end 
figure 
plot(timeex,pfit,'r',timeex,pex,'b'); 
legend('Fitted data from model','Experimental data',2) 
xlabel('\fontsize {14} 
(sec)') 
ylabel('\fontsize {14}Inside partial pressure (atm)') 
8. Run the program. If the fitted data and range do not match, change the 
permeation value range in step 7 and rerun the program again. 
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Appendix II Volume Fiber Fraction Calculation 
Step by step calculation of fiber volume fraction (Vf) and matrix volume 
fraction (Vm) (Kaw 2005):  
1. Data given by manufacturers:  
Density of fiber, f  
Density of matrix (epoxy), m 
2. Measure weight of fiber, wf and weight of composite, wc. 
3. Calculate weight of matrix (resin), wm= wc - wf 
4. Calculate fiber mass fraction, Wf and matrix (resin) mass fraction, Wm 
c
f
f w
w
W           (I-1) 
c
m
m w
w
W           (I-2) 
5. Calculate density of composite, c 
m
m
f
f
c
WW1
         (I-3) 
6. Calculate fiber volume fraction, Vf, and matrix (resin) volume fraction, Vm 
f
cf
f
W
V 
          (I-4) 
m
cm
m
W
V 
         (I-5) 
7. Check the result: 
1VV mf           (I-6) 
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Appendix II (Continued) 
Example: 
Step 1: 
Density of CFRP (Sikawrap Hex 103C), f = .065 lbs/in3 (0.00179919 
gr/mm3). 
Density of matrix (epoxy) for Sikadur 300, m = .092 lbs/in3 (0.001098 
gr/mm3). 
Step 2: 
Weight of fabric (wf) = 8.6466 gr. 
Weight of composite, wc = 22.8932 gr. 
Step 3: 
wm= 22.8932 – 8.6466 gr = 14.2466 gr. 
Step 4: 
 377693.0
8932.22
6466.8
Wf   gr. 
 622307.0
8932.22
2466.14
Wm   gr. 
Step 5: 
89.776
001098.0
622307.0
0017919.0
377693.01
c
 , c = 0.001287 gr/mm
3 
Step 6: 
2702.0
00179919.0
001287.0377693.0
Vf   or 27.02 % 
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Appendix II (Continued) 
7298.0
001098.0
001287.0622307.0
Vm   or 72.98% 
Step 7: 
Vf + Vm = 0.2702 + 0.7298 = 1 (OK!) 
Using the above procedure, the average volume fiber fraction (Vf) 
(obtained from three samples) for the four FRP system A to D is summarized in 
Table II-1. These FRP specimens were used to develop the permeation constants 
in Chapters 4-6. 
Table II-1 Volume Fiber Fraction Average for System A to D 
Type 
Systems 
A B C D 
CFRP unidirectional one layer 35.77% 38.12% 37.68% 38.55%
CFRP unidirectional two layers 24.06% 39.79% 40.13% 22.32%
GFRP unidirectional one layer 24.95% 24.48% 33.26% 27.45%
GFRP unidirectional two layers 31.65% 32.79% 32.13% 29.57%
CFRP bidirectional one layers 32.79% 26.79% 28.12% 32.79%
GFRP bidirectional one layers 33.46% 32.46% 23.46% 33.16%
CFRP random 30.39% 35.11% 33.49% 22.41%
GFRP random 26.47% 34.57% 32.46% 31.17%
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Appendix III Scanning Electron Micrograph (SEM) for CFRP Specimens  
 
 
 
 
 
 
Figure III-1 SEM One Layer CFRP Unidirectional Specimen 
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Appendix III (Continued) 
 
Figure III-2 SEM Two Layers CFRP Unidirectional Specimen 
 
Figure III-3 SEM Random Layer CFRP Specimen 
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Appendix IV Scanning Electron Micrograph (SEM) for GFRP Specimens  
 
 
 
 
 
 
Figure IV-1 SEM One Layer GFRP Unidirectional Specimen 
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Appendix IV (Continued) 
 
Figure IV-2 SEM Two Layers GFRP Unidirectional Specimen 
 
 
Figure IV-3 SEM Random Layer GFRP Unidirectional Specimen 
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Appendix V Scanning Electron Micrograph (SEM) for Concrete 
Specimens 
 
 
 
 
 
 
Figure V-1 SEM for Concrete with w/c Ratio 0.40 
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Appendix V (Continued) 
 
Figure V-2 SEM for Concrete with w/c Ratio 0.45 
 
 
Figure V-3 SEM for Concrete with w/c Ratio 0.50  
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Appendix VI Sample Calculation 
 A concrete slab is reinforced by #13 (#4) bars spaced at 30 cm (12 in.) 
on centers in two orthogonal directions. The average concrete cover is 19 mm 
(3/4 in.). The oxygen permeation constant for concrete is 1 x 10-8 mol. 
m2/m3.atm.sec. (3.28 x 10-8 mol. ft2/ft3.atm.sec.). After it is repaired using 2 mm 
(78.7 mil) thick FRP, the oxygen permeation constant for the system reduces to 
1 x 10-11 mol. m2/m3.atm.sec. (3.28 x 10-11 mol. ft2/ft3.atm.sec.). Compare the 
relative annual corrosion rates for the concrete and the FRP repair after it has 
stabilized. 
 
VI.1 Solution  
 The permeability constant (P) is used to calculate the number of moles of 
oxygen (M) that reaches the steel surface to sustain the anodic reaction 
responsible for corrosion of steel. Each mole of oxygen consumes two moles of 
iron; the mass loss in steel is calculated from its atomic weight (55.85 g/mole or 
0.123 lb/mole) and the volume loss from its density (7.85 g/cc or 490 lb/ ft3). 
The time (t) is one year or 3.15 x 107 seconds. The radius of a #13 (#4) bar is 
0.635 cm (0.25 in.). 
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Appendix VI (Continued) 
VI.1.1 Concrete  
 M= P x t /cover thickness =1 x 10-8 x 1 x 3.15 x 107/0.019 = 16.6 moles. 
This reacts with two moles of iron or 2 x 16.6 = 33.2 moles. This is equivalent to 
a metal loss of 33.2 x 55.85 = 1,854 g/m2 (3.8 x 10-4 lb/ft2) over one year 
spread over 2 x 39.37/12 = 6.56 bars. The loss per bar is therefore 283 g or 39 
cc over a length of 1 m (3.28 ft). For uniform corrosion, this corresponds to a 
section loss of 0.39 cm2 (0.06 in.2). The initial radius ro of a #13 (#4) bar is 
0.635 cm (0.25 in) and its final radius rf can be calculated from the change in its 
cross-section,  
cm 527.0fror     393.0
2
fπr
2
oπr   or 0.108 cm/yr (269 mils/yr). 
 
VI.1.2 FRP Repair 
 M = P x t /effective thickness = 1 x 10-11 x 1 x 3.15 x 107/ 0.002 = 0.1577 
moles. Note that the effective thickness is used because the permeability 
constant used is experimentally determined for the system with a 2 mm (78.7 
mil) thick FRP layer. As before, the oxygen reacts with two moles of iron or 
0.3154 moles, equivalent to a metal loss of 17.6 g/m2 (3.61 x 10-3 lb/ft2)over 
one year spread over 6.56 bars or 2.68 g/bar (0.006 lb/bar) or 0.373 cc (0.023 
in3) over a length of 1 m (3.28 ft). This corresponds to a section loss of 0.00373 
cm2 (0.00058 in2).  If corrosion is assumed to be uniform, the final radius rf can 
be calculated from the change in its cross-section, 
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Appendix VI (Continued) 
cm 0.634fror     00373.0
2
fπr
2
oπr  (249.6 mils). Thus, the corrosion depth is 
0.001 cm/yr (2.34 mils per year) [0.635-0.634 = 0.001]. 
  
VI.2 Comment 
 The calculations correspond to the stabilized state after the oxygen 
originally present in the concrete was consumed. Since the oxygen permeability 
of FRP is not zero, corrosion continues inside the repair as reported by 
independent researchers. In the example, the corrosion rate of concrete is 115 
times (269/2.34) higher than that of the FRP wrapped steel.  
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Appendix VII Dry vs. Wet Concrete 
A limited study was conducted to determine the difference in oxygen 
permeability for wet and dry concrete. In the testing 1 in. thick specimens were 
first vacuum dried for 2 hours and subsequently submerged for 24 hours in 
potable water. Following this immersion, the surface was wiped dry and the 
specimen weighed. It was then placed in the diffusion cell and its permeability 
determined.  
The mix design is summarized in Table VII-1 and is the same as that in 
Chapter 5. Specimen details are summarized in Table VII-2. It may be seen that 
despite the same exposure, the percent of water absorbed varied between 1.9 to 
3.4%. This could be because of the location of the concrete disc within the 
cylinder. Specimens near the top of the cylinder most probably had a higher 
water cement ratio and were more porous. Permeation constants determined are 
listed in Table VII-3 and the correlation between the fitted and experimental data 
shown in Figures VII-1 and VII-2.  
Table VII-1 Properties of Concrete 
Description Data 
Concrete Type II 
w/c ratio 0.45 
Unit Weight (kg/m3) 2,268.30
PC Volume (%) 10.26% 
Aggregate Volume (%) 54.70% 
Cementitious Content  
(kg/m3) 406 
Strength 28 Days (MPa) 49.2 
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Appendix VII (Continued) 
Table VII-2 Concrete Data Measurement 
Tests Type w/c Ratio 
Weight Dry 
(gr) 
Weight 
Wet (gr) 
Weight of 
Water (gr) 
% of 
Water 
Thickness 
(mm) 
Test 1 II 0.45 367.18 374.24 7.06 1.9% 20.52
Test 2 II 0.45 359.46 371.79 12.33 3.4% 20.30
Test 3 II 0.45 372.42 383.62 11.20 3.0% 20.61
Test 4 II 0.45 380.67 387.88 7.21 1.9% 20.96
 
 
Figure VII-1 Fitted Data vs. Experimental Data for Dry Concrete Specimen 
(Note: 1 atm = 0.101 MPa) 
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Appendix VII (Continued) 
 
Figure VII-2 Fitted Data vs. Experimental Data for Wet Concrete Specimen 
(Note: 1 atm = 0.101 MPa) 
 
Table VII-3 Oxygen Permeation Constant for Dry and Wet Concrete (units in 
mol.m2/m3.atm.sec) 
Test Number Dry Concrete Wet Concrete 
Result Average Result Average 
Concrete Test 1 4.85E-08 4.15E-08 2.51E-10 4.41E-10 
Concrete Test 2 5.41E-08 + 6.80E-10 + 
Concrete Test 3 1.54E-08 1.76E-08 2.68E-10 2.15E-10 
Concrete Test 4 4.80E-08   5.66E-10   
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